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I. 


Purpose 


A.  Objective.  The  objective  of  this  program  was  to  study  the 
effects  of  simulated  high  altitude  and  outer  space  environments  on 
the  electrical  properties  of  electrical  insulating  materials. 


B.  Materials.  The  following  materials  were  included  in  the  pro¬ 
gram: 


Designation 


Description  and  Supplier 


TFE-6 


TFE-7 


PF 


FEP 


K-4 


K-5 


Polytetr afluoroethylene  extrusion  resin, 
commercial  designation  TFE-6.  E.  1.  du 
Pont  de  Nemours  and  Company,  Wilmington, 
Delaware. 

Polytetrafluor oethylene  molding  resin, 
commercial  designation  TFE-7.  E.  I.  du 
Pont  de  Nemours  and  Company,  Wilmington, 
Delaware. 

Polytetr  afluoroethylene  resin  which  had  been 
stored  in  the  laboratory  for  about  seven  years. 
U.  S.  Gasket  Company,  Camden,  New  Jersey. 

Copojymer  of  tetrafluor oethylene  and  hexa- 
fluor opropylene,  melt  processable  resin, 
commercial  designation  FEP-100.  E.  I.  du 
Pont  de  Nemours  and  Company,  Wilmington, 
Delaware. 

Polychlor otrifluor oethylene  ,  commercial 
designation  KF-6050,  ASTM- 1  430- 5 8T 
Grade  II,  ZST  217,  pelletized,  injection 
molding  and  extrusion  resin.  Minnesota 
Mining  and  Manufacturing  Corporation, 

St.  Paul,  Minnesota. 

Polychlor  otrifluor  oethylene ,  commercial 
designation  KF-6060,  ASTM- 1 430- 58T 
Grade  III,  ZST  375,  unpelletized,  com¬ 
pression  molding  resin.  Minnesota  Mining 
and  Manufacturing  Corporation,  St.  Paul, 
Minne  sota 


Designation 

K-7 


PE 


ALATHON  - 
4  BK  30 


PSC 


Mylar 

130-100C 


Mylar 

130-100T 


M  yla  r 
130-100A 


GPG 


FF-95 
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Description  and  Supplier 


Copolymer  of  chlor otrifluor oethylene  and 
vinylidene  fluoride,  commercial  designation 
KF - 51 20,  ASTM-1430-58T,  Grade  II,  ZST 
i90,  pellitized,  injection  molding  and  extru¬ 
sion  resin.  Minnesota  Mining  a.nd  Manufac¬ 
turing  Company,  St.  Paul,  Minnesota. 

Polyethylene,  unpigmented.  Stored  in 
laboratory  for  several  years.  Undetermined 
origin. 

Polyethylene,  commercial  designation 
ALATHON  4  BK  30  Cable  Jacket  Resin, 
high  molecular  weight,  melt  index  0.  20- 
0.  40,  carbon  content  2.6%  ±0.  25%  (channel 
black  not  larger  than  20  millimicrons 
average  particle  size).  E.  I.  du  Pont  de 
Nemours  and  Company,  Wilmington,  Delaware. 

Polystyrene,  crosslinked  thermosetting, 
commercial  designation  REXOLITE  1422. 
William  Brand-Rex  Division,  American  Enka 
Corporation,  Concord,  Massachusetts. 

Polyester,  capacitor  film,  commercial 
designation  MYLAR  130-100C.  E.  I.  du  Pont 
de  Nemours  and  Company,  Circleville,  Ohio. 

Polyester  film,  commercial  designation 
MYLAR  130-1D0T,  highly  oriented  in  the 
long,  or  machine  direction.  E.  I.  du  Pont  de 
Nemours  and  Company,  Circleville,  Ohio. 

Polyester  film,  commercial  designs  tion 
MYLAR  130-100A,  same  composition  as 
130-100T  but  not  as  highly  oriented. 

Multiple  laminate  radome  material  consisting 
of  Rohm  and  Haas  PARAPLEX  P-43  polyester 
resin  and  Owens-Corning  Fiberglas  181  glass 
cloth,  conforming  to  MIL-R-7575. 

Copper  clad  epoxy  laminate  printed  circuit 
board  with  two  ounce  copper,  commercial 
designation  FORMICA  FF-95.  Formica 
Corporation,  Cincinnati,  Ohio. 
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De  signation 


FF-95C 


AL-  243 


ALOX 

AL-665 


BeO 


ECF 


Description  and  Supplier 


Same  as  FF-95  with  coating  of  Hysol  6233 
epoxy  coating  material.  Hysol  Corporation, 
Olean,  New  York. 

Forsterite,  2MgO,SiC>2>  commercial  designa¬ 
tion  ALSIMAG  243.  American  Lava  Corpora¬ 
tion,  Chattanooga,  Tennessee. 

Alumina,  99%  AI2O3.  National  Beryllia 
Corporation,  North  Bergen,  New  Jersey. 

Steatite,  MgO.  Si02»  commercial  designation 
ALSIMAG  665.  American  Lava  Corporation, 
Chattanooga,  Tennessee. 

Beryllia,  99%  BcO,  95%  of  theoretical  den¬ 
sity.  Brush  Beryllium  Company,  Cleveland, 
Ohio. 

Polyurethane  foam,  commercial  designation 
Eecofoam  S,  density  12  lbs  per  cu.  ft. 
Emerson  and  Cuming,  Inc.,  Canton,  Massa¬ 
chusetts, 


C.  Electrical  Properties. 


1.  Dielectric  constant  at  60  cps,  2,  18  and  100  Me. 

2.  Dissipation  factor  ."U  60  cps,  2,  18  and  100  Me. 

3.  Volume  resistivity,  d-c. 

4.  Surface  resistivity,  d-c. 

5.  Electric  strength  60  cps,  2,  18  and  100  Me. 

6.  Flashover  strength  60  cps,  2,  18  and  100  Me. 

7.  Microwave  transmission  properties  at  frequencies 
up  to  10  Gc  as  time  and  taciiities  permitted, 

D.  Environmental  Conditions. 

1.  Temperatures  of  -55,  25,  85  and  125C. 

_4 

2.  Minimum  vacuum  of  10  Torr. 

3.  Solar  x-rays. 
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4.  Solar  ultraviolet. 

5.  Chemisphere  and  ionosphere  conditions. 


-5- 


II.  Abstract 

Results  of  a  study  of  the  effects  of  simulated  space  environment 
on  the  electrical  properties  of  solid  insulating  materials  are  reported. 
Equipment  and  techniques  are  described  for  the  measurement  of  loss 

properties,  flashover  strength  and  electric  strength  during  x-ray  and 
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ultraviolet  irradiation  at  pressures  in  the  10  Torr  range.  Twenty- 
one  organic  and  inorganic  materials  are  included  in  the  investigation. 

High  -vacuum  sparkover  (uniform  field)  and  flashover  measure¬ 
ments  at  d-c  and  60  cps  show  that  electrode  surface  roughness  is  the 
controlling  factor;  that  the  dielectric  properties  of  the  material  do  not 
influence  flashover  voltage;  and  that  x-ray  and  ultraviolet  radiation 
have  no  effect  on  flashover  voltage.  At  2  and  18  Me  high  current 
densities  at  electrode  edges  or  high  losses  in  the  solid  material  com¬ 
promise  flashover  strength. 

Electric  strengths  of  low-loss  polymers  arc  not  affected  by  x-ray 
irradiation  in  high-vacuum.  High-frequency  electric  strength  is  com¬ 
promised  by  unfavorable  thermal  conditions  in  high-vacuum. 

X-ray  induced  a-c  losses  arc  exhibited  by  several  materials 
during  and  after  irradiation.  Transient  effects  during  irradiation  cause 
induced  60  cps  dissipation  factors  as  high  as  0.  40  in  some  tetrafluoro- 
cthylenc  polymers;  detailed  exposure  and  recovery  data  show  the  effects 
of  oxygen  concentration  and  absorbed  dose. 

X-ray  induced  d-c  polarization,  absorption  and  conduction  cur¬ 
rents  are  exhibited  by  most  materials.  In  some  cases,  recovery  is 
not  complete  after  several  months. 

Instantaneous  and  short-time  effects  of  ultraviolet  radiation  on 
a-c  loss  properties  are  not  large  enough  to  be  of  practical  importance. 
The  d-c  behavior  is  dominated  by  photoelectric  effects. 

Materials  that  are  subject  to  moisture  absorption  exhibit  improved 
electrical  properties  after  short  periods  in  high-vacuum. 

Studies  arc  being  continued  under  Contract  DA- 36  -  0  39  -  SC  -  891 47. 
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III.  Factual  Data 

A.  Environmental  Factors. 

1.  Vacuum. 

a.  Pumping  Systems.  Two  complete  and  independent  high 
vacuum  pumping  systems  (Kinney  PW-600)  were  installed  in  the  initial 
phase  of  the  program  to  accommodate  a  high-voltage  test  cell  and  a 
loss-measurement  cell.  Each  system  consists  of  a  6  inch  fractionating 
oil  diffusion  pump,  a  15  cfm  mechanical  roughing  and  backing  pump  and 
a  2  cfm  holding  pump.  These  systems  provide  rapid  pumping  to  pres¬ 
sures  in  the  10-£>  Torr  range  without  coolant  in  the  trap  and  to  pressures 
in  the  10"7  Torr  range  with  liquid  nitrogen  in  the  trap.  A  complete 
system,  including  a  loss -measurement  cell  and  an  ultraviolet  light 
source,  is  shown  in  Figure  1. 

The  block  diagram  of  Figure  2  illustrates  the  essential 
features  of  the  pumping  system.  An  ion  gauge  tube  is  located  at  the 
test  cell  so  that  the  pressure  ir.  the  vicinity  of  the  specimens  can  be 
measured  directly.  The  vent  on  the  test  cell  is  connected  to  a  nitrogen 
tank  so  that  the  cell  can  be  filled  with  dry  nitrogen  before  it  is  opened 
to  the  atmosphere  when  changing  specimens.  This  procedure  reduces 
the  time  required  to  reach  the  desired  pressure  when  the  cell  is  re¬ 
pumped.  The  improved  performance  results  from  a  reduction  in  the 
amount  of  water  vapor  that  is  adsorbed  on  the  walls  of  the  ceil.  Once 
the  system  has  been  properly  degassed,  the  cell  can  be  pumped  down 
to  a  pressure  of  5  x  10_c>  Torr  in  approximately  ten  minutes  and 
5  x  10-^  Torr  in  one  hour. 

An  additional  PW-600  pumping  system  was  acquired  during 
the  third  phase  of  the  program.  This  unit  was  used  in  conjunction  with 
a  second  loss-measurement  cell. 


Recent:  data  on  the  vaiiation  of  pressure  with  altitude, 

_  ( 1 )  * ** 

taken  from  the  1959  ARDC  Model  Atmosphere  ,  is  shown  in  Figure  3. 
According  to  this  curve,  the  vacuum  equipment  described  above  will 
permit  the  simulation  of  pressures  over  the  altitude  range  from  0  to 
240  km. 

b.  Loss  Measurement  Cells.  Two  similar  cells  were  con¬ 
structed  to  accommodate  specimens  for  dielectric  constant,  dissipation 
factor,  and  d-c  conductivity  measurements.  The  interior  of  one  of 
these  cells  is  shown  in  Figure  4.  Four  3-electrode  specimens  are 
connected  to  the  vacuum-tight,  guarded  bushings  which  extend  through 
the  cell  wall.  The  specimens,  electrodes  and  bushings  are  similar  to 
those  previously  used  in  studying  environmental  ageing  effects. 

The  cell  has  a  12  inch  inside  diameter  and  is  14  inches  in  length.  The 
cell  itself  is  electrically  isolated  from  the  vacuum  system  so  that  it 
can  be  maintained  at  guard  potential  during  measurements  with  the 
Schering  bridge.  The  front  cover-plate  is  designed  to  accommodate  a 
quartz  window  for  ultraviolet  transmission  or  a  beryllium  window  for 
x-ray  transmission.  A  second  cover-plate  can  accommodate  both 
adaptors  simulta  ne ou sly . 

c.  High-Voltage  Cell.  The  interior  of  the  high-voltage  cell 
is  shown  in  Figure  5.  Four  flashovcr  specimens  are  shown  connected 
to  separate  high-voltage  bushings  in  the  end  plate.  The  design  of  the 
high-voltage  feed-through  insulators  are  of  inter est  because  they  are 
capable  of  w  ith  s  ta  nd  ing  higher  voltages  in  the  r-f  range  than  commer¬ 
cially  available  glass  -  sealed  bushings .  i  igure  6  shows  the  important 
features  of  the  bushing,  which  consists  of  a  polyethylene  insulated 
renter  conductor,  a  tapered  socket  and  a  Teflon  retaining  cylinder. 

*  -  Numbered  references  are  listed  on  Page 

**  -  Trademark  -  E.  1.  clu  Pont  dr  Nemours  and  Company,  Inc. 


-8- 


Thc  insulated  center  conductor  is  fabricated  from  a  short  length  of 
RG-19/U  coaxial  cable.  The  tapered  section  of  the  polyethylene 
insulation  is  pressed  into  the  tapered  socket,  by  means  of  the  Teflon 
retaining  cylinder,  and  contact  between  these  tapered  surfaces  provides 
a  vacuum  seal.  The  polyethylene  is  sealed  to  the  copper  center  conductor 
during  the  cable  manufacturing  process,  and  there  is  no  apparent  leakage 
through  this  seal.  The  tapered  socket  is  inserted  into  a  clearance  hole 
in  the  end-plate  of  the  vacuum  chamber,  and  a  soft-solder  joint  provides 
the  necessary  vacuum  seal.  The  air  spaces  between  the  Teflon  and 
polyethylene  parts  are  filled  with  General  Electric  Company  SS-4005 
silicone  grease  as  a  safeguard  against  corona.  The  grease  remains  on 
the  outside  of  the  vacuum  seal  and  does  not  contaminate  the  cell.  Bush¬ 
ings  of  this  type  perform  satisfactorily  at  voltages  up  to  35  KV  at  60-cps 
and  10  KV  at  18  Me. 

2.  Ultraviolet  Radiation.  According  to  revised  solar  spectral 
irradiance  data  obtained  by  the  U.S.  Naval  Research  Laboratory,  the 
value  of  the  solar  constant  is  0.140  watts/cm“.  Table  1  shows  the 

radiation  intensity  at  various  wavelength  regions.  It  can  be  seen  that 
the  total  ultraviolet  intensity  is  10.  23  milliwatts /cm  ,  and  that  99.  7  per¬ 
cent  of  the  ultraviolet  radiation  1ms  in  the  wavelength  region  from  2200 
to  3800  Angstroms.  Consequently,  in  considering  environmental  effects, 
this  wavelength  region  is  of  prime  importance.  Ultraviolet  sources  are 
available  which  are  capable  of  producing  the  desired  intensities  in  this 
wavelength  region,  but  the  shorter  wavelengths  can  be  obtained  only 
through  a  prohibitive  sacrifice  in  overall  intensity. 

After  investigating  the  variety  of  u’traviolet  sources  which 
were  available,  the  General  Electric  Company  B-H6  mercury  lamp 
appeared  to  be  the  most  satisfactory  one  for  the  purposes  of  this 
investigation.  The  actual  source  of  radiation  in  this  lamp  is  an 
enclosed  arc  which  is  about  1.  5  mm  in  diameter  and  25  mm  long.  The 
power  dissipation  in  this  small  volume  is  approximately  900  watts,  so 


-9- 


the  internal  pressure  builds  up  to  about  110  atmospheres.  The  quartz 
envelope  operates  very  near  its  ultimate  strength  under  these  severe 
loading  conditions,  and  it  is  necessary  to  use  compressed  air  cooling 
to  prevent  envelope  failure. 

Details  of  the  lamp  enclosure  which  was  designed  to  accommo¬ 
date  the  B-H6  lamp  are  shown  in  Figure  7.  The  manufacturer's 
recommendations  were  followed  in  the  design  of  the  compressed-air 
nozzles,  which  are  mounted  on  a  brass  manifold  directly  below  the 
lamp.  A  volume  of  about  5  1/2  cubic  feet  of  free  air  per  minute,  at 
a  line  pressure  of  19  psi,  is  directed  through  the  nozzle  orifices.  This 
volume  of  air  becomes  highly  ionized  and  would  be  objectionable  if  it 
were  permitted  to  escape  into  the  room,  so  it  is  necessary  to  connect 
the  enclosure  to  an  exhaust  blower  through  a  flexible  duct,  as  shown 
in  Figure  1 . 

In  order  to  filter  a  large  part  of  the  infrared  radiation,  which 
would  cause,  the  specimens  to  become  overheated,  the  beam  is  allowed 
to  pass  through  a  1/2  inch  thick  layer  oi  circulating  tap-water.  This 
water  is  passed  through  the  space  between  two  quartz  windows  on  the 
front  cover-plate.  Figure  7  shows  the  front  cover-plate  removed;  the 
inside  quartz  window  and  the  water  connections  are  visible.  The  plate 
is  formed  by  joining  two  1/4  inch  thick  brass  plates  which  contain 
grooves  for  directing  the  water  flow.  The  return  water  line  is  con¬ 
nected  to  a  copper  coil  which  is  bonded  to  the  outer  wall  of  the  enclosure, 
thereby  providing  cooling  for  the  entire  enclosure. 

In  Figure  8  the  radiation  output  of  the  B-H6  lamp  is  compared 

to  the  solar  radiation  at  the  top  of  the  earth's  atmosphere.  The  curve 

showing  the  intensity  at  the  surface  of  a  specimen  in  the  vacuum  cell  is 

based  on  calculated  values,  taking  into  account  the  absorption  in  the 

(5) 

infrared  filter  and  the  quartz  window  of  the  cell.  '  The  integrated 
values  over  several  wavelength  regions  are  given  in  Table  2.  It  can  be 
be  seen  that  the  B-H&  lamp  provides  intensities  in  the  ultraviolet  region 
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which  are  high  enough  to  permit  realistic  evaluation  of  environmental 
effects . 

Through  the  courtesy  of  the  Chemicals  and  Plastics  Division, 
Food  Machine ry  and  Chemical  Corporation,  Baltimore,  Maryland, 
ultraviolet  transmission  measurements  were  made  on  the  infrared 
filter  and  other  associated  components.  These  measurements  indi¬ 
cated  that  the  calculated  intensities  were  conservative  for  a  new  lamp, 
but  represent  the  average  values  that  might  be  expected  over  the  life 
of  a  lamp. 

3.  X-rays.  The  average  intensity  of  solar  x-ray  at  the  top  of 
the  earth's  atmosphere  is  between  0.  10  and  0.  20p.w/cm^,  where  the 
radiation  is  distributed  over  the  wavelength  interval  from  7  to  60 
Angstroms.  ^  Such  low  energy  x-rays  would  not  penetrate  the  shell 
of  a  satellite  in  sufficient  quantity  to  affect  the  properties  of  materials. 
Exposed  components,  such  as  antenna  patterns,  antenna  insulators  and 
solar  cells  could  be  affected  by  this  radiation,  however. 

In  order  to  conduct  x-ray  exposure  tests  in  the  laboratory  it 
was  necessary  to  procure  an  x-ray  generator  capable  of  continuous 
operation.  Such  apparatus  is  not  available  for  the  very  soft  x-rays  in 
the  7-60  Angstrom  range,  but  a  generator  was  obtained  which  has  a 
peak  output  intensity  at  approximately  0.  38  Angstroms  when  operated 
at  50  KV.  This  unit  employs  two  Machictt  AEG- 50  beryllium  window 
tubes  that  are  capable  of  continuous  operation  at  voltages  up  to  50  KV 
and  anode  currents  up  to  50  ma.  Figure  9  shows  one  of  the  x-ray  tubes 
mounted  on  a  beryllium  window  adaptor  which  facilitates  the  irradiation 
of  loss  specimens. 

Several  methods  of  measuring  the  intensity  of  the  x-ray  beam 
were  considered.  Since  it  was  desirable  to  directly  measure  energy 
flux,  and  because  the  output  of  the  AEG-50  tube  is  so  high  that  ion 
recombination  makes  ionization  measurements  unreliable ,  a 
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ralorimeter  method  proved  to  be  advantageous .  Figure  10  shown  the 
essential  features  of  the  calorimeter,  which  is  similar  in  principle  to 

/  Q  \ 

those  used  by  other  workers.  The  x-ray  beam  enters  the  evacuated 

chamber  through  a  beryllium  window  and  impinges  on  a  silver  target, 
thereby  causing  a  measurable  increase  in  the  target  temperature.  Since 
the  target  volume,  mass,  projected  area  and  specific  heat  are  known, 
the  x-ray  intensity  can  be  computed  from  the  measured  values  of 
temperature  rise  as  a  function  of  exposure  time. 

Silver  was  chosen  as  the  target  material  because  of  its  high 
thermal  conductivity  and  high  x-ray  absorption  coefficient  in  the  wave¬ 
length  regi  on  in v  nlved.  To  obtain  maximum  sensitivity,  the  target 
thickness  must  be  small  while  the  area  exposed  to  the  incident  beam 
should  be  large.  The  target  shown  in  Figure  10  is  a  flat,  circular 
disc  with  an  exposed  surface  area  of  1 .  0  c  m  ^ ,  and  a  thickness  of 
0.  5  mm.  This  thickness  provides  absorption  of  greater  than  99-  5  per¬ 
cent  of  the  incident  x-ray  energy. 

The  temperature  of  the  target  is  measured  by  means  of  a 
chromel-alumcl  thermocouple  which  is  mounted  on  the  back  face  of 
the  target  (in  the  shadow  of  the  x-ray  beam).  Because  of  the  low  rate 
of  energy  input  into  the  target,  it  is  necessary  to  redut  e  the  rate  of 
heat  transfer  from  the  target  to  its  surroundings  as  much  as  possible. 
Since  the  chamber  is  evacuated,  the  heat  loss  due  to  convection  can  be 
neglected.  In  order  to  reduce  the  conduction  loss,  the  target  was 
mounted  on  a  thin  glass  rod,  and  very  fine  thermocouple  wire  (0.  003 
inch  diameter)  was  used.  The  radiation  ioss  was  reduced  bv  silver- 
plating  and  polishitg  the  chamber  walls  and  by  making  the  temperature 
difference  between  the  target  and  the  chamber  walls  as  small  as  possible 
This  was  accomplished  by  means  of  a  temperature-controlled,  circulat¬ 
ing-water  bath.  The  water  is  pumped  through  a  heat  exchanger,  where 
it  car.  be  heated  or  cooled,  so  that  a  temperature  difference  of  less  than 
0.0S°C  is  maintained  between  the  target  and  the  chamber,  thereby 
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reducing  the  radiation  loss  to  less  than  28  p.  watts  during  the  measure¬ 
ments  . 

Intensity  measurements  were  made  at  two  spacings  between 
the  x-ray  source  and  the  calorimeter  target,  and  at  several  output 
levels.  The  results,  which  are  given  in  Tables  3  and  4,  indicate  that 
the  intensity  is  proportional  to  the  average  anode  current,  but  there 
appears  to  be  a  deviation  from  the  inverse  square  law  when  comparing 
the  values  obtained  for  a  given  output  setting  at  two  distances.  The 
measurements  are  adequate,  however,  for  the  purposes  of  this  investi¬ 
gation  . 

In  order  to  ensure  uniform  irradiation  of  the  four  specimens  in 
the  vacuum  test  cell,  the  x-ray  energy  distribution  over  the  plane  of 
the  specimens  was  examined  by  exposing  x-ray  film.  It  was  found  that 
the  variation  in  intensity  was  less  than  20  percent  over  the  area  in 
question. 

It  is  necessary  to  occasionally  check  the  output  of  each  x-ray 
Lube  in  order  to  be  sure  that  the  tube  is  functioning  properly  and  that 
the  output  for  a  given  voltage  and  current  setting  has  not  changed 
significantly  from  the  value  determined  v-'ith  the  calorimeter.  A  small 
ion.zation  chamber  was  constructed  for  this  purpose.  It  can  be  attached 
to  the  output-port  of  the  tube  in  such  a  way  that  its  position  relative  to 
the  x-ray  target  can  be  accurately  reproduced.  The  calorimeter  is  used 
to  calibrate  this  ionization  chamber,  which  facilitates  rapid  monitoring 
of  the  tube  output. 

B.  High  Vacuum  Flashover  and  Sparkcver. 

1.  General  Remarks.  The  voltage  at  which  a  discharge  will 
occur  between  two  flat  electrode; s  in  contact  with  the  surface  of  a  solid 
dielectric  is  referred  to  as  the  flashover  voltage.  At  atmospheric 
pressure  a  flashover  will  occur  when  the  electrical  stress  in  the  gap 
between  the  electrodes  exceeds  a  critical  value.  The  magnitude  of  this 
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critical  stress  depends  primarily  on  the  electric  strength  of  the  sur¬ 
rounding  medium.  The  voltage  at  which  the  critical  stress  will  be 
reached  depends  upon  the  geometry  of  the  electrodes  and  uhe  dielectric 
constant  of  the  specimen.  In  general,  flashover  voltage  varies  inversely 
w'ith  dielectric  constant  at  the  lower  frequencies,  as  shown  in  a  previous 
study. 

Since  the  electric  strength  of  the  gaseous  surrounding-medium 
influences  the  flashover  voltage  of  a  given  specimen,  it  follows  that 
flashover  strength  varies  with  ambient  pressure  in  accordance  with  the 
well  known  Paschen's  Law,  which  states  that  the  uniform  field  break¬ 
down  voltage  in  a  gas  is  proportional  to  the  product  of  the  gas  pressure, 
p,  and  the  electrode  separation,  6.  Deviations  from  Paschen's  Law 
occur  at  low  pressure  3  when  the  mean  free  path  of  the  gas  molecules 
becomes  comparable  to  the  electrode  spacing,  and  a  minimum  break¬ 
down-voltage  is  observed  as  the  ambient  pressure  is  reduced  beyond 
this  range.  For  air  this  minimum  occurs  at  a  pS  product  of  approxi¬ 
mately  1.  0  Torr  cm.  The  general  shape  of  the  Paschen  curve  can  be 
explained  in  terms  of  well  known  phenomena  involving  the  Townsend 
avalanche  mechanism.  A  recent  book  by  F.  Llewellyn- Jones  contains 
a  complete  discussion  of  breakdown  at  lower  gas  pressures. 

At  the  low  pressures  encountered  in  space  applications  the 
mean  free  path  of  residual  gas  molecules  is  so  many  times  greater  than 
normal  electrode  (hardware)  spacings  that  ionization  phenomena  no 
longer  govern  the  breakdown  process,  and  extrapolation  of  the  Paschen 
curves,  which  would  predict  extremely  high  values  of  breakdown  voltage, 
is  not  valid.  It  is  certainly  true  that  a  high-vacuum  medium  possesses 
an  inherently  high  electric-strength,  but  emission  from  metallic  elec¬ 
trodes  becomes  the  governing  factor  in  high-vacuum  breakdown,  and 
sparkover  is  observed  at  stresses  considerably  lower  than  those 
predicted  on  the  basis  of  ionization  phenomena. 
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Erratic  results  were  obtained  in  preliminary  flashover  and 
uniform  field  sparkover  experiments,  and  in  order  to  determine  the 
extent  to  which  the  surface  condition  of  the  electrodes  influenced  the 
results,  a  study  of  uniform  field  sparkover  was  made  using  the  smooth¬ 
est  electrode  surfaces  that  could  be  prepared  in  the  laboratory.  These 
experiments  and  the  subsequent  flashover  experiments  are  described  in 
the  following  sections. 

2.  Uniform  Field  Sparkover. 

a.  Experimental  Procedure.  The  most  highly  polished  metal 
spheres  that  could  be  readily  obtained  proved  to  be  unsatisfactory  when 
viewed  through  a  microscope.  In  order  to  provide  very  smooth  elec¬ 
trodes,  the  convex  surfaces  of  2.  3  cm  diameter  glass  lenses  were 
carefully  polished  until  no  scratches  could  be  3een  through  a  micro¬ 
scope  under  dark-field  illumination.  The  polished  lenses  were  then 
mounted  in  aluminum  holders  and  placed  in  a  vacuum  chamber  where 
evaporated  silver  or  aluminum  coatings  were  deposited  on  the  polished 
surfaces,  ft  was  not  possible  to  completely  avoid  the  deposition  of 
dust  particles  on  the  polished  surfaces,  and  these  particles  were  necess¬ 
arily  covered  by  the  evaporated  film,  resulting  in  very  small  projections 
on  the  rnetal  surface.  The  shape  or  size  of  these  points  could  not  be 
determined  because  they  were  so  small  (less  than  0.  2  microns)  that 
only  their  presence  and  location  could  be  determined  by  dark-field 
illumina  tion . 

The  breakdown  gap  was  formed  by  placing  two  of  the  metallized 
lenses  (1.  75  cm  spherical  radius)  opposite  each  other  in  the  electrode 
holder  shown  in  Figure  11.  To  avoid  scratches,  the  gap  was  set  in 
such  a  way  that  the  electrodes  never  touched  each  other.  Under  survey 
through  a  telescope  the  gap  was  made  as  small  as  possible,  while  an 
onm-meter  was  used  to  ensure  that  the  electrodes  did  not  touch.  The 
gap  was  then  set  at  5  mils  with  a  micrometer,  which  was  removed  before 
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the  electrode  holder  was  placed  in  the  vacuum  cell.  The  error  in 
setting  the  gap  was  determined  to  be  less  than  0.  2  mils. 

b.  Experimental  Results.  The  results  of  d-c  breakdown 
tests  at  pressures  in  the  10"^  Torr  range  are  summarized  in  Figure  12. 
The  range  of  breakdown  voltages  corresponds  to  macroscopic  field 
strengths  of  0.  44  to  i.  7  MV/cm  for  silver  coated  lenses,  and  of  0.  44 
to  1.2  MV/cm  for  aluminum  coated  lenses.  These  results  show  that 
there  is  no  marked  difference  in  the  behavior  of  the  silver  as  opposed 
to  the  aluminum  electrodes.  At  the  higher  voltages  occasional  arcs 
occurred  at  points  where  the  macroscopic  field- strength  was  as  low  as 
3  percent  of  the  field- strength  in  the  center  of  the  gap,  but  where  the 
surface  was  not  as  smooth. 

Photomicrographs  of  the  electrode  surfaces  were  made  before 
and  after  breakdown  in  an  effort  to  determine  if  a  relationship  existed 
between  the  small  points  (dust  particles)  on  the  electrode  surfaces  and 
the  location  from  which  the  discharge  occurred.  No  such  relationship 
could  be  found  because  the  damaged  areas  of  the  electrodes  were  many 
times  the  size  of  the  points  in  question.  Provisions  for  more  rapid 
current-interruption  would  be  required  to  reduce  the?  size  of  the  damaged 
areas. 

It  was  expected  that  the  microscopic  field  at  the  cathode  would 

be  the  controlling  factor  in  establishing  the  macroscopic  breakdown 

(1 1  )(1  2) 

stress  in  the  gap.  The  results  obtained  with  the  silver  coated 

and  aluminum  coated  lenses  indicated  that,  in  spite  of  the  care  that 
was  taken  to  provide  smooth  electrode  surfaces,  uniformly  high  break¬ 
down  voltages  were  not  ensured.  Consequently,  it  remained  to  be 
proven  that  macroscopic  irregularities  on  the  cathode  surface  were 
important.  In  order  to  show  this,  tests  were  made  first  with  a  rough¬ 
ened  cathode  and  a  smooth  anode,  and  then  with  a  smooth  cathode  and 
a  roughened  anode.  The  roughened  electrodes  were  prepared  by 
lightly  sandblasting  the  lens  before  the  evaporated  metal  film  was 


-16- 


deposited.  The  results  of  these  experiments  are  shown  in  Figure  13. 
In  those  tests  where  the  cathode  was  roughened,  the  maximum  break¬ 
down  stress  (macroscopic)  that  was  observed  was  0.66  MV/cm  and  the 
breakdown  occurred  at  values  as  low  as  0.  17  MV/cm.  A  comparison 
with  the  results  for  smooth  electrodes  (Figure  1Z)  indicates  that  the 
roughened  cathode  causes  a  marked  decrease  in  the  apparent  electric 
strength  of  the  gap.  With  the  roughened  anode,  however,  the  results 
were  within  the  range  of  values  exhibited  by  the  smooth  electrodes. 


Since  the  breakdown  process  at  very  low  pressures  involves 

field  emission  from  the  electrodes,  the  question  of  the  influence  of 

surface  contamination  naturally  arises.  In  the  way  that  the  electrodes 

(13) 

were  prepared  it  was  not  possible  to  get  atomically  clean  surfaces, 

(14) 

so  it  was  possible  to  study  only  the  additional  contamination  due 
to  the  presence  of  diffusion-pump  oil-vapor  in  the  cell.  Oil  was 
evaporated  at  atmospheric  pressure  and  allowed  to  condense  on  the 
electrodes,  forming  a  visible  film.  Breakdown  tests  were  then  con¬ 
ducted  in  the  vacuum  chamber  and  the  observed  macroscopic  field 
strengths  varied  from  0.  63  to  1.6  MV/cm.  These  values  am  in  the 
same  range  as  those  obtained  without  the  oil  film. 


Having  established  the  breakdown  characteristics  of  the 
vacuum  medium,  it  was  expected  that  the  same  factors  would  govern 
flashovcr  phenomena,  where  a  failure  is  obtained  in  a  gap  formed  by 
attaching  electrodes  to  a  solid  insulating  material.  In  order  to  show 
that  this  was  indeed  the  case,  the  experiments  described  in  the  follow¬ 
ing  section  were  performed. 


3.  Flashovcr. 


a.  Specimen  Preparation.  As  mentioned  previously,  pre¬ 
liminary  flashovcr  experiments  had  yielded  erratic  results.  In  those 
tests  the  flashovcr  gap  was  formed  by  attaching  flat  brass  electrodes 
to  1/ 8  inch  thick  specimens.  This  test  method  had  two  disadvantages 
(i)  the  surface  condition  at  the  edge  of  the  washers  could  not  be 
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controlled,  and  (ii)  a  small  space  under  the  washers  (between  the 
washer  and  the  solid  material)  could  not  always  be  avoided.  Both  of 
these  factors  can  lead  to  a  large  spread  in  results  and  to  low  values 
of  flashover  ..strength.  ^  Therefore,  in  order  to  avoid  these 

difficulties,  electrodes  were  formed  by  depositing  evaporated  silver 
on  the  specimen  surface  in  a  pattern  determined  by  an  accurately 
machined  mask.  The  electrode  pattern  and  the  mask  arc  shown  in 
Figure  14.  By  using  this  method,  the  space  beneath  the  electrode  was 
avoided,  and  the  microscopic  shape  of  the  edge  of  the  electrode  was 
more  precisely  controlled  Decause  the  same  mask  was  used  for  all  test 
specimens.  The  chance  of  the  deposition  of  a  dust  particle  on  the  criti¬ 
cal  edge  of  an  electrode  was  smaller  by  an  order  of  magnitude  than  for 
the  deposition  of  a  dust  particle  on  the  surface  of  the  spherical  elec¬ 
trodes.  Therefore,  less  spread  in  results  was  expected  for  the  flash- 
over  voltage  measurements.  The  thickness  of  the  silver  film  was  about 
0.  3  microns,  and  the  gap  length  was  17  mils,  a  distance  that  resulted 
ir.  flashover  voltages  that  were  within  the  range  that  could  be  conven¬ 
iently  accommodated. 

In  view  of  the  results  obtained  with  the  smooth  spherical 
electrodes-,  it  was  expected  that  flashover  strength  would  depend  upon 
the  roughness  of  the  edges  of  the  electrodes  in  the  same  manner  as  the 
uniform  field  strength  depended  upon  the  surface  roughness  of  the  spheres. 
With  the  flashover  sample,  the  surface  texture  of  the  dielectric  material 
contributes  to  the  roughness  of  the  edge  of  the  evaporated  electrode. 

One  of  the  specimens  shown  in  Figure  14  was  chosen  to  demonstrate 
that  the  silver  film  has  the  same  texture  as  the  surface  of  the  specimen. 

To  minimize  the  effects  of  surface  irregularities,  glass  microscope- 
slides  with  smooth  surfaces  were  used  as  specimens  in  the  first  series 
of  experiments.  Consequently,  the  shape  of  the  electrode  edges  was 
determined  primarily  by  the  mask  through  which  the  silver  was  deposited. 
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b.  D-C  Flashover  Phenomena.  The  flashover  voltages  for  the 
glass  slides  followed  the  same  general  pattern  as  for  the  breakdown 
voltages  of  the  sphere  gap.  The  d-c  flashover  voltages  varied  from 
10  to  29  KV  for  the  17  mil  gap  and  were  rather  uniformly  distributed 
over  this  range,  as  shown  in  Figure  15.  The  ratio  between  the  maxi¬ 
mum  and  minimum  values  is  2.  9  to  1. 0,  which  is  not  much  lower  than 
for  the  spheres. 

Occasional  arcs  were  observed  at  locations  where  the  distance 
between  electrodes  was  as  much  as  six  times  as  great  as  the  minimum 
distance  at  the  center  of  the  gap.  Photomicrographs  of  the  gap,  before 
and  after  flashover,  gave  no  correlation  between  the  condition  of  the 
edge  of  the  electrode  and  the  location  from  which  the  discharge  occurred. 
As  in  the  case  of  the  spheres,  the  damaged  area  v/as  too  extensive  to 
permit  such  detailed  examination.  High-speed  movie  techniques  would 
perhaps  be  useful  in  this  respect. 

Using  the  same  technique  described  for  the  spherical  electrodes, 
tests  were  conducted  to  determine  if  a  film  of  oil  influenced  the  results. 
No  measurable  effect  could  be  found. 

The  next  series  of  experiments  was  designed  to  evaluate  the 
effects  of  x-ray  and  ultraviolet  radiation  on  flashover  voltage.  Because 
the  inherent  spread  in  results  is  so  large,  it  was  necessary  to  proceed 
in  the  following  manner  : 

(i)  A  voltage  was  applied. 

(ii)  The  applied  voxtage  was  reduced  to  (V^  -  AV) 
and  the  specimen  was  exposed  to  the  radiation. 

(iii)  The  radiation  was  removed  and  the  voltage  was 

increased  to  V,  +  oV. 

1 

(iv)  The  voltage  was  reduced  to  V ^  and  the  specimen 
was  again  exposed  to  the  radiation. 

(v)  The  voltage  was  increased  to  +  2AV. 

and  the  procedure  was  repeated  until  a  flashover 
occurred. 
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If  a  flashover  did  not  occur  at  V  -AV  with  radiation,  but  did 

n 

occur  at  V^  -t  AV  without  radiation,  then  any  adverse  effect  of  the 
radiation  could  not  cause  a  decrease  in  flashover  voltage  of  more  than 
2AV.  By  an  obvious  modification  in  the  procedure,  it  can  be  deter¬ 
mined  if  the  radiation  increases  the  flashover  voltage.  The  value  of 
AV  was  adjusted  to  insure  an  experimental  sensitivity  of  300-volts. 

Since  the  flashover  voltages  range  from  10  to  29  KV,  but  no  effect  was 
found  which  was  as  large  as  the  stated  300  volt  limit,  it  must  be  con¬ 
cluded  that  the  x-ray  and  ultraviolet  radiation  had  no  influence  on 
flashover  voltage. 

Having  established  the  flashover  behavior  of  the  glass  slide 
specimens,  it  was  then  necessary  to  determine  if  any  additional  factors 
might  become  important  when  the  specimens  were  fabricated  from  other 
insulating  materials  with  widely  varying  electrical  and  physical  proper¬ 
ties.  Since  it  had  already  been  shown  that  the  roughness  of  the  electrode 
surfaces  that  formed  the  gap  was  the  controlling  factor  in  the  case  of 
the  glass  slides,  it  was  necessary  to  establish  some  control  over  the 
surface  texture  of  the  specimens  in  this  scries  of  measurements  if 
effects  due  to  electrical  properties  were  to  be  detected.  A  group  of 
thermoplastic  materials  was  used  in  these  tests  because  it  was  possible 
tc  press  the  specimens  against  glass  slides  and  reform  their  surfaces 
by  heating  them  in  an  oven.  Samples  that  were  prepared  in  this  way 
were  compared  to  samples  that  were  made  from  the  same  material  in 
the  as -received  condition.  The  results  of  these  tests  are  shown  in 
Figure  16  and  they  clearly  demonstrate  that  the  specimens  with  smooth 
surfaces  and,  hence,  smooth  electrode  edges,  have  higher  flashover 
strengths  than  the  specimens  with  rough  surfaces. 

When  the  gaps  of  three  K-5  samples  with  smooth  surfaces  were 
roughened  between  the  electrodes,  but  the  edges  of  the  electrodes  were 
undisturbed,  the  flashover  voltages  were  still  high  (19,  20,  22  KV). 
However,  when  a  smooth  surface  was  deliberately  roughened  before  the 
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silver  electrodes  were  deposited,  so  that  the  resulting  electrode  edges 
were  rough,  the  flashover  voltages  were  in  the  vicinity  of  2  KV.  Similar 
experiments  with  glass  slides  had  the  same  effect. 

It  is  apparent  from  the  foregoing  experiments  that  the  electri¬ 
cal  properties  of  the  specimens  have  little  effect  on  flashover  voltage 
when  compared  to  the  influence  of  surface  texture  (electrode  roughness). 
As  previously  mentioned,  the  use  of  thicker  metallic  electrodes  merely 
makes  it  more  difficult  to  control  the  condition  of  the  electrode  surface, 
and  leads  to  a  large  spread  in  results  that  are  not  dependent  upon  the 
electrical  properties  of  the  specimen. 

c.  A-C  Flashover  Phenomena.  All  of  the  aforementioned 
results  were  obtained  with  direct  voltages,  making  it  possible  to 
separate  cathode  and  anode  effects.  With  alternating  voltages,  each 
electrode  assumes  the  role  of  cathode  and  anode  during  successive 
half-cycles.  Since  the  roughness  of  the  cathode  plays  such  an  import¬ 
ant  part  in  determining  the  flashover  voltage,  it  would  be  expected  that 
the  a-c  flashover  voltages  would  be  somewhat  lower  than  the  d-c  values 
if  for  no  other  reason  than  the  fact  that  the  effective  cathode  area  is 
doubled,  thereby  increasing  the  chance  of  having  a  microscopic  irregu¬ 
larity  located  in  the  critical  region  of  the  electrodes.  There  are,  of 
course,  other  factors  such  as  the  build-up  of  space  charge  and  the  high 
local  current  densities  due  to  displacement  current  which  do  not  exist 
with  direct  voltages,  but  could  be  important  with  alternating  voltages. 

In  order  to  determine  if  these  factors  influence  the  a-c  flashover  be¬ 
havior,  measurements  were  made  at  60  cps,  2  Me, and  18  Me  on  the 
various  materials  of  the  program.  A  detailed  description  of  each 
material  can  be  found  on  Pages  1,  2  and  3.  The  results  of  flashover 
measurements  on  these  materials  are'  summarized  in  Table  5. 

In  general,  the  a-c  flashover  voltages  are  lower  than  the  d-c 
values  and  they  decrease  with  increasing  frequency,  as  shown  in 
Table  5.  When  the  gap  was  viewed  through  a  telescope,  visible  glow 
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at  the  edges  of  the  electrodes  became  evident  at  voltages  below  the 
flashover  levels  at  2  and  18  Me.  Both  edges  glowed  with  the  same 
intensity  and  the  glow  pattern  was  identical  on  either  side  of  the  gap. 
When  a  d-c  bias-voltage  was  applied  in  series  with  the  a- c  test- 
voltage,  so  that  the  polarities  of  the  electrodes  did  not  change  during 
the  measurement,  the  glow  did  not  change  in  intensity  and  the  pattern 
remained  symmetrical.  This  result  indicates  the  absence  of  space 
charge  effects  and,  consequently,  it  appears  that  the  alternating 
current  (determined  by  the  applied  voltage  and  the  impedance  of  the 
specimen)  causes  the  glow  by  resistive  heating  of  the  thin  electrode 
edges.  Since  the  temperature  rise  depends  upon  the  resistivity  of  the 
metallic  film,  it  also  depends  upon  thickness  and  irregularities  in  the 
film  near  the  edges  that  form  the  gap.  This  temperature  rise  increases 
the  field  emission  current,  which  indirectly  causes  a  further  increase 
in  temperature,  and  the  process  becomes  unstable  and  leads  to  a 
flashover.  Dyke,  Troian  and  co-workers^‘^^^^^  have  found  that 
emission  current  alone  can  cause  resistive  heating  of  small  points  on 
the  surface  of  an  electrode;  thus  the  combined  effects  of  the  capacitive 
current  and  the  enhanced  emission  current  should  cause  a  decrease  in 
flashover  voltage  as  the  frequency  is  increased  beyond  2  Me.  It  has 
not  been  experimentally  determined  whether  the  temperature  rise  due 
to  capacitive  current  is  high  enough  to  influence  the  flashover  voltage 
at  lower  frequencies.  However,  no  glow  could  be  detected  during  the 
60  cps  measurements. 

The  temperature  rise  at  the  edges  of  the  gap  can  also  cause 
the  pressure  in  the  vicinity  of  the  gap  to  increase,  and  this  increase  in 
pressure  can  lead  to  a  decrease  in  flashover  strength.  This  is  parti¬ 
cularly  true  with  low  melting  point  materials. 

Additional  thermal  effects  are  observed  in  the  r-f  range, 
where  the  dielectric  losses  of  some  materials  cause  the  specimen  to 
be  overheated.  In  several  cases  the  specimen  material  melted  or 
otherwise  deformed  because  of  excessive  heating  at  18  Me,  and  the 
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test  was  terminated  before  the  flashover  could  be  obtained.  This  type 
of  behavior  had  been  encountered  in  previous  investigations  where 

(19) 

tests  were  conducted  at  atmospheric  pressure,  '  '  so  it  was  expected 

that  the  heating  would  be  even  more  severe  in  a  vacuum. 

The  data  of  Table  5  also  confirm  the  previous  remarks  con¬ 
cerning  the  effect  of  the  specimen  surface  texture  on  flashover  strength. 
One  apparent  exception  is  AL-243,  which  has  a  relatively  high  flashover 
strength.  Although  this  ceramic  material  has  a  surface  which  is  not 
exceptionally  smooth  in  the  macroscopic  sense,  its  microscopic  tex¬ 
ture  is  smooth  and  it  is  not  surprising  that  its  flashover  strength  is  so 
high.  Alox,  on  the  other  hand,  had  a  low  flashover  strength  because 
its  microscopic  texture  was  much  rougher. 

X-ray  and  ultraviolet  radiation  had  no  effect  on  the  60  cps, 

2,  and  18  Me  flashover  behavior  of  any  of  the  materials  listed  in 
Table  5.  This  result  is  in  agreement  with  the  d-c  measurements 
previously  discussed  and  with  the  results  of  Funfer,  who  studied 

vacuum  breakdown  related  to  x-ray  flash-tubes. 

d.  Flashover  Strength  of  FF-95.  In  the  first  phase  of  the  pro¬ 
gram  flashover  tests  were  made  on  the  printed  wiring  board  FF-95 
(see  Page  2  for  description).  With  this  material  the  electrode  pattern 
was  formed  by  the  usual  etching  process.  The  specimens  were  pre¬ 
pared  by  a  commercial  fabricator  so  the  smoothness  of  the  electrode 
edges  could  not  be  controlled  in  the  laboratory. 

The  electrode  pattern  shown  in  Figure  17  was  used  in  mea¬ 
suring  the  flashover  strength  of  this  material.  Several  patterns  were 
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considered,  including  those  used  by  other  investigators,  before  the 

pattern  shown  in  Figure  17  was  devised.  This  particular  pattern  pro¬ 
vides  a  field  configuration  approximating  a  condition  frequently  encoun¬ 
tered  in  practice,  and  it  also  permits  a  reasonable  degree  of  analysis. 
The  gap  length  between  the  copper  electrodes  is  60-mils.  The  field 


-23- 


is  graded  at  the  edges  of  the  gap  in  order  to  restrict  the  failures  to 
the  narrow  region  of  the  gap  formed  by  the  parallel  conductors.  The 
particular  curvature  that  was  used  is  described  in  Figure  18  so  that 
it  might  be  reproduced  in  any  laboratory.  Although  this  curvature  is 
not  exactly  the  same  as  the  conventional  Rogowski  contour,  it  provides 
sufficient  grading  and  can  be  reproduced  by  a  simple  geometrical 
construction.  Another  function  of  the  curved  electrodes  was  to  provide 
a  gap  of  varying  length  in  order  to  determine  the  most  probable  break¬ 
down  distance  for  a  given  voltage  at  very  low  pressures.  In  the  p6 
range  where  the  Paschen  curve  has  a  negative  slope,  the  weakest  path 
for  a  given  electrode  configuration  does  not  coincide  with  the  smallest 
gap  spacing  or  the  region  of  maximum  stress. 

Tests  were  made  on  uncoated  and  coated  specimens  (FF-95C). 
The  epoxy  coating  (Hysol  6233)  had  a  thickness  of  about  7  mils.  The 
coating  causes  a  significant  increase  in  flashover  strength,  whereas 
it  has  little  effect  on  other  electrical  properties. 

The  range  ot  values  that  were  observed  at  60  cps  on  the  un¬ 
coated  specimens  arc  given  in  Table  6.  Under  high  vacuum  conditions 
these  specimens  exhibit  the  typical  spread  in  flashover  strength  that 
has  been  discussed  above  for  the  other  materials  of  the  program. 

The  60  cps  data  for  the  FF-95C  are  given  in  Table  7.  It  can 
be  seen  that  the  coating  greatly  increases  the  flashover  strength.  How¬ 
ever,  at  atmospheric  pressure  a  visible  glow  appears  at  about  6.0  KV 
in  the  region  between  the  electrodes  where  the  spacing  is  a  minimum. 

In  high  vacuum  a  similar  visible  discharge  occurs  at  about  7.0  KV, 
but  in  this  case  the  discharge  first  appears  between  the  curved  sections 
of  the  electrodes,  where  the  gap  spacing  is  larger.  As  the  applied 
voltage  is  increased,  the  glow  discharge  becomes  broader,  extending 
into  the  area  where  the  gap  spacing  is  smaller.  Complete  breakdown 
does  not  occur  until  the  voltage  reaches  a  value  of  about  17.  0  KV,  the 
same  value  observed  at  atmospheric  pressure.  When  failure  does  occur 


with  the  coated  samples,  it  does  not  follow  the  shortest  path  between 
the  electrodes.  A  breakdown  of  the  epoxy  coating  is  involved  in  the 
flashover,  and  it  occurs  between  the  weak  points  of  the  coating.  These 
weak  points  may  be  located  anywhere  on  the  coating  that  covers  the 
electrodes . 

A  series  of  tests  was  conducted  to  determine  whether  the  glow 
discharge  was  located  between  the  coating  and  the  printed  wiring  board, 
or  on  the  outside  of  the  coating.  When  the  flashover  test  was  conducted 
in  sulfur  hexafluoride,  rather  than  air,  the  glow  did  not  appear  until 
much  higher  voltages  were  applied.  This  effect  indicated  that  the  glow 
discharge  was  located  on  the  outside  surface  of  the  coating. 

Although  the  pressure  in  the  vacuum  cell  is  measured  at  a 
point  which  is  only  a  few  inches  away  from  the  closest  specimen,  the 
pressure  at  the  surface  of  the  specimen  can  be  considerably  higher  than 
the  measured  pressure  when  the  specimen  exhibits  a  high  rate  of  out- 
gassing.  The  epoxy  coating  does  outgas  at  a  higher  rate  than  the  other 
materials  of  the  program,  and,  consequently,  the  pressure  at  the  sur¬ 
face  of  the  specimen  can  be  high  enough  to  cause  a  discharge  to  occur 
at  a  spacing  where  the  p6  product  is  large  enough  to  permit  ionization 
phenomena  to  govern  the  breakdown  process.  Since  the  coating  acts  as 
a  barrier  against  complete  breakdown,  an  increase  in  voltage  causes 
ionization  in  the  region  of  the  field  where  6  is  smaller.  This  would 
account  for  the  broadening  of  the  glow  discharge  as  described  above. 

In  the  case  of  the  irradiated  specimens,  it  is  not  possible  to 
make  visible  observations  during  the  tests,  and  equipment  was  not 
available  for  detection  of  the  glow  discharge.  Consequently,  there  is 
no  data  presented  on  the  effects  of  irradiation  on  the  glow-discharge 
inception  -  voltage  of  the  coated  FF-95C.  There  is  no  reason,  however, 
to  suspect  that  the  radiation  causes  any  significant  change  in  the  pheno¬ 
mena  that  occur  in  the  case  of  the  unirradiated  samples. 
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The  effects  which  have  been  discussed  above  for  FF-95  and 
FF-95C  involve  60  cps  voltages.  When  measurements  are  made  at 
2  and  18  Me,  the  high  loss  factor  of  the  base  laminate  causes  excessive 
heating  which  leads  to  internal  failure,  rather  than  flashover.  A  2  Me 
flashover  can  be  obtained  on  the  uncoated  materials  at  atmospheric 
pressure  at  a  voltage  of  2.0  KV.  Under  high  vacuum  conditions,  how¬ 
ever,  the  material  suffers  thermal  damage  after  1  minute  at  3.0  KV. 

At  18  Me  an  applied  voltage  of  1.  2  KV  leads  to  a  thermal  failure. 

The  coated  specimens  behave  in  a  similar  fashion  because  the 
epoxy  coating  is  lossy  at  high-frequencies.  Thermal  failures  involving 
the  coating  material  occur  at  voltages  somewhat  lower  than  those  men¬ 
tioned  above  for  the  uncoated  material.  In  either  case,  flashover  is  not 
an  important  consideration  because  of  the  poor  high-frequency  charac¬ 
teristics  of  the  base  material  and  the  coating. 

4.  Summary  of  High  Vacuum  Flashover  and  Sparkover  Studies. 

The  results  obtained  in  the  studies  of  flashover  and  sparkover 
indicate  that,  from  the  practical  point  of  view,  flashover  at  very  low 
pressures  is  primarily  a  hardware  problem,  rather  than  a  materials 
problem.  Microscopic  irregularities  on  the  electrode  surfaces  are 
the  controlling  factor  in  determining  flashover  voltage.  X-ray  and 
ultraviolet  radiation  have  no  immediate  effect  on  flashover  voltage 
unless  they  cause  the  loss  factor  of  a  material  to  increase  to  the  point 
where  excessive  heating  is  encountered  at  relatively  low  electrical 
stresses.  This  can,  of  course,  be  determined  from  loss  property 
studies . 

The  designer  of  high-voltage  components  for  satellites  and 
space  vehicles  is  faced  with  the  problem  of  guarding  against  flashovers 
which  are  initiated  by  emission  from  metallic  parts,  rather  than  by 
the  more  familiar  gas  ionization  process.  Consequently,  he  cannot 
fully  utilize  the  inherently  high  electric  strength  of  the  high  vacuum 
environment.  However,  the  data  of  Table  5  indicates  that  the  lowest 
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values  of  flashovcr  voltage  that  were  encountered  in  the  present 
investigation  were  higher  than  the  values  that  would  prevail  at 
atmospheric  pressure.  The  flashcver  gap  was  only  17  mils,  a  dis¬ 
tance  which  would  support  less  than  2.  0  KV  at  atmospheric  pressure. 
Therefore,  a  device  which  is  designed  to  perform  satisfactorily  at 
atmospheric,  pressure  should  be  safe  with  respect  to  flashover  at 
pressures  below  10"^  Torr.  In  some  cases  an  occasional  discharge 
of  short  duration  might  occur,  particularly  during  the  early  stages  of 
electrification,  but  these  discharges  should  have  a  favorable  condition¬ 
ing  effect  and  no  permanent  damage  to  the  insulation  should  result.  A 
more  serious  problem  exists  in  devices  which  must  operate  for  signifi¬ 
cant  lengths  of  time  at  pressures  in  the  micron  range  where  the  Paschen 
minima  occur  for  most  practical  hardware  spacings. 

C.  Solid  Dielectric  Breakdown. 

1.  Mylar  Film  Tests. 

a.  Gradcd-Field  Specimen.  Electric  strength  continues  to 
be  the  most  difficult  dielectric  property  to  study  because  its  measure¬ 
ment  is  influenced  by  discharges  that  originate  in  the  medium  surround¬ 
ing  the  solid  specimen.  Clearly,  the  effects  of  any  environmental 
stress  on  the  electric  strength  of  an  insulating  material  cannot  be 
determined  if  the  measured  values  are  compromised  by  phenomena 
that  are  associated  with  the  surrounding  medium,  rather  than  with  the 
material  in  question.  In  previous  studies  concerned  with  the  effects  of 
moisture  and  temperature,  breakdown  measurements  were  made  using 
recessed  electrodes  and  an  oil  immersion  medium.  In  the  present 
study,  where  the  specimen  must  be  exposed  to  a  high-vacuum,  this 
high-vacuum  medium  automatically  becomes  the  immersion  medium 
for  the  electric  strength  measurements. 

In  the  previous  Section  it  was  shown  that  the  inherently  high  electric 
strength  of  a  high-vacuum  medium  is  compromised  by  emission  from  the 
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electrodes.  This  phenomenon  makes  it  difficult  to  completely  eliminate 
spurious  discharges  during  electric  strength  measurements.  Conse¬ 
quently,  a  great  deal  of  care  was  required  in  preparing  the  specimens 
used  in  this  study.  There  are  two  well  known  methods  of  eliminating 
discharges  in  the  vicinity  of  a  high-voltage  electrode.  The  first  method 
consists  of  grading  the  field  around  the  high-voltage  hardware,  and  the 
second  method  employs  recessed  electrodes.  Both  methods  were  used 
in  the  manner  described  below. 

Grading  of  the  electric  field  (reducing  the  stress)  in  the  vicinity 
of  the  high-voltage  electrode  can  be  accomplished  by  reducing  the 
surface  resistivity  over  a  portion  of  the  specimen.  The  alternating- 
voltage  gradient  in  a  radial  direction  then  depends  on  the  surface 
resistivity  (which  may  or  may  not  be  uniform)  and  the  capacitance 
distribution  of  the  specimen  electrode  system.  This  method  has  ser¬ 
ious  disadvantages  when  it  is  applied  over  a  wide  frequency  range,  so 
an  alternative  method  was  attempted  which  utilizes  concentric  conduct¬ 
ing  rings,  rather  than  a  continuous  resistive  film.  Each  ring  is 
electrically  connected  to  a  tap  of  a  voltage-divider  network  so  that  only 
a  predetermined  fraction  of  the  applied  voltage  appears  between  succes¬ 
sive  rings. 

This  method  was  applied  in  tests  on  3  mil  Mylar  film.  One  side 
of  the  film  was  coated  with  a  layer  of  evaporated  silver  which  served 
as  the  ground  electrode.  On  the  other  side  of  the  Mylar  film  a  1.25 
inch  diameter  center-electrode  and  eight  concentric  rings  were  deposited 
by  the  evaporation  of  silver  through  a  suitable  mask.  The  radial  dis¬ 
tance  between  successive  rings  was  increased  from  0.  05  to  0.  20  inches 
as  the  inside  radius  of  successive  rings  was  increased  from  0.7  to  1.9 
inches.  The  width  of  each  ring  was  about  0.05  inches.  Contacts  with 
the  center  electrode  and  each  ring  were  made  by  several  spring-loaded 
pins  which  were  accurately  positioned  in  a  special  sample-holder. 
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The  voltage  distribution  between  rings  and  between  the  center 
electrode  and  the  first  ring  was  adjusted  by  means  of  the  voltage- 
divider  network.  It  was  expected  that  the  individual  voltages  would  be 
low  enough  to  avoid  surface  discharges  during  the  breakdown  test,  but 
small  radial  arcs  were  observed  between  the  center  electrode  and  the 
first  ring  at  a  total  applied  voltage  of  only  2.  0  KV  at  60  cps.  At  this 
total  applied  voltage,  the  voltage  between  the  center  electrode  and  the 
first  ring  should  have  been  only  50  volts,  a  value  too  low  to  cause  dis¬ 
charges  over  a  50  mil  spacing.  However,  any  discharges  between 
larger  rings  (where  the  voltages  were  higher)  upset  the  voltage  distri¬ 
bution,  thereby  over  -  stre  s  sing  the  inner  gaps.  The  difficulty  was 
caused  by  small  cracks  which  were  formed  in  the  silver  coating  by 
expansion  of  the  Mylar  film  during  the  evaporation  process.  The  same 
pattern  was  applied  to  a  glass  plate,  which  did  not  expand,  and  the 
first  discharges  did  not  appear  until  the  applied  voltage  reached  10  KV, 
but  even  this  voltage  is  too  low  for  electric  strength  measurements  on 
films  in  the  mil  thickness  range. 

Some  improvement  in  this  technique  could  have  been  made  by 
using  more  rings.  These  experiments  were  discontinued,  however, 
because  the  high  cost  and  long  delivery  time  in  obtaining  a  suitable 
mask  did  not  seem  warranted  in  view  of  the  complicated  and  time- 
consuming  experimental  procedure. 

b.  Composite  Specimen.  Since  the  recessed  electrodes  had  been 
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used  successfully  in  previous  breakdown  studies,  '  a  specimen  was 

designed  that  permitted  this  principle  to  be  applied  to  the  thin  film  tests. 

A  specimen  of  this  kind  provides  a  high-strength  material  in  the  critical 

volume  surrounding  the  high-voltage  electrode.  With  thick  specimens 

(1/4  inch,  or  more)  a  cavity  can  be  formed  in  the  material  and  then 

coated  with  a  conducting  film,  which  provides  intimate  contact  with 

the  high-voltage  electrode.  This  type  of  specimen  in  described  in  the 

following  Section.  With  thin  specimens,  however,  it  is  not  possible  to 
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form  a  cavity  in  the  test  specimen  itself,  so  a  composite  specimen 
was  fabricated  as  shown  in  Figure  19-  It  has  four  parts:  (i)  the  film 
specimen;  (ii)  a  polystyrene  block  (1  1/2"  x  1  1/2"  x  1/2")  with  a 

3/4  inch  diameter  hole  through  its  center;  (iii)  a  polystyrene  fillet 
which  forms  a  smooth  junction  between  the  Mylar  film  and  the  cylindri¬ 
cal  wall  in  the  polystyrene  block;  and  (iv)  a  3  inch  length  of  polystyrene 
tubing  (7/8"  I.  D.  ,  1"  0.  D.  ). 

To  form  the  polystyrene  fillet,  the  polystyrene  block  was  placed 
on  top  of  the  Mylar  film  and  both  parts  were  clamped  to  a  small  turn¬ 
table.  The  speed  of  the  turn-table  was  adjusted  so  that  liquid  styrene 
resin  could  be  transferred  from  a  medicine  dropper  to  the  wall  of  the 
cavity  without  contaminating  the  central  area  (test  area)  of  the  film. 

This  liquid  formed  a  fillet  whose  shape  (approximately  parabolic)  was 
determined  by  the  viscosity  and  surface  tension  of  the  resin  and  the 
rotational  speed  of  the  turn-table. 

After  the  fillet  was  cured  the  cavity  and  the  flat  side  of  the  speci¬ 
men  were  coated  with  evaporated  silver.  The  polystyrene  tube  was  then 
cemented  to  the  block,  as  shown  in  Figure  19.  The  cavity  was  then 
coated  again  and  the  silver  was  allowed  to  deposit  in  the  lower  two- 
thirds  of  the  tube.  High-voltage  contact  was  made  by  means  of  a  cir¬ 
cular  clip  -which  pressed  against  the  wall  of  the  cavity,  near  the  poly¬ 
styrene  fillet.  The  long  tube  increased  the  voltage  at  which  discharges 
occurred  across  the  specimen  surface  to  the  ground  electrode. 

c.  Experimental  Results.  In  spite  of  the  pains  that  were  taken 
with  these  experiments,  the  results  were  not  completely  satisfactory, 
as  will  be  shown  below.  On  many  samples  the  failure  occurred  outside 
of  the  prescribed  test-area  because  the  fillet  did  not  form  a  smooth 
junction  with  the  film.  The  difficulty  was  caused  by  changes  in  surface 
tension  of  the  resin  during  the  hardening  process  and  frequent  separation 
of  the  fillet  from  the  Mylar  film  during  the  silver -evaporation  process. 
Several  modifications  were  tried  without  appreciable  improvement. 
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A  summary  of  the  60  cps  electric  strength  measurements  on  two 
grades  of  1  mil  Mylar  is  given  in  Figure  20.  The  values  of  KV/mil 
indicate  the  stress  in  the  thin  section  of  the  specimen.  Many  break¬ 
downs  occurred  in  the  fillet,  but  the  values  of  KV/mil  for  these  tests 
are  based  on  the  stress  in  the  thin  section  (test  area)  at  the  time  the 
test  was  terminated.  These  values  then  become  withstand  values,  bo 
the  actual  range  of  values  of  electric  strength  would  extend  somewhat 
beyond  the  maximum  values  shown.  The  lower  limit,  however,  is 
established  by  the  minimum  value  at  which  the  failure  occurred  in  the 
test  area. 

Similar  results  for  0.  5  mil  Mylar  are  summarized  in  Figure  21. 
Again,  most  of  the  specimens  failed  outside  of  the  test  area.  The  ratio 
of  maximum  to  minimum  values  for  the  valid  tests  was  3  to  1,  a  result 
obtained  by  other  investigators  on  thin  film  specimens. 

A  series  of  d-c  breakdown  tests  were  conducted  on  the  1  mil 
Mylar  #130-100T.  Valid  breakdowns  were  obtained  over  the  range  of 
12  to  16  KV/mil  and  withstand  values  as  high  as  20  KV/mil  were 
observed.  These  values  are  comparable  to  the  peak  values  at  60  cps. 

A  simultaneous  study  of  the  effects  of  irradiation  on  the  dielectric 
constant  and  dissipation  factor  of  Mylar  had  indicated  that  no  significant 
effects  were  produced  during  exposure  periods  of  several  hundred  hours. 
Consequently,  it  was  decided  to  postpone  further  studies  on  the  electric 
strength  of  Mylar  in  the  interest  of  obtaining  data  on  other  materials 
that  had  exhibited  changes  in  loss  properties  during  irradiation. 

2.  Electric  Strength  of  Machinable,  Low- Loss  Polymers. 

a.  Specimen  Preparation.  This  series  of  experiments  was 
concerned  with  electric  strength  measurements  on  polystyrene  (PS), 
polyethylene  (PE)  and  several  grades  of  polytetr afluor oethylene .  Re¬ 
cessed  electrodes  could  be  applied  to  these  materials  in  a  more 
straightforward  manner  because  the  specimens  were  thick  enough  to 
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permit  suitable  cavities  to  be  machined.  Several  types  of  cavities 
were  tried,  but  the  one  shown  in  Figure  22  was  most  satisfactory.  It 
has  the  advantage  of  providing  a  large  test  area  (compared  to  a  tapered 
cavity)  and  the  thick  section  at  the  center  of  the  cavity  does  not  have  to 
be  carefully  machined.  The  machining  was  done  in  a  lathe,  using  a 
properly  shaped  tool  with  rounded  cutting  blades. 

Evaporated  silver  coatings  served  as  the  electrodes.  A  brass 
insert  shaped  as  shown  in  Figure  22  reduced  the  sharp  field  at  the  rim 
of  the  cavity,  thereby  eliminating  discharges  from  this  troublesome 
area.  Contact  between  the  brass  piece  and  the  silver  coating  was  made 
with  a  helical  clock-spring  at  a  point  in  the  base  of  the  cavity  where  the 
material  was  about  five  times  thicker  than  it  was  in  the  test  area. 

In  spite  of  the  precautions  that  were  taken,  occasional  arcs 
occurred  between  the  high-voltage  hardware  and  the  ground  electrode. 

To  keep  these  discharges  from  actuating  the  thyratron  switching  cir¬ 
cuit,  a  guard  cylinder  was  placed  around  the  ground  electrode  as  shown 
in  Figure  22.  As  mentioned  in  a  previous  section,  the  discharges  that 
occur  at  relatively  low  stresses  in  a  high-vacuum  have  a  favorable 
conditioning  effect  and  do  not  recur  as  the  voltage  is  increased.  Con¬ 
sequently,  these  discharges  did  not  influence  the  breakdown  tests  as 
long  as  they  were  not  permitted  to  trigger  the  thyratron. 

b.  Breakdown  Data  (Unirradiated  Specimens).  A  summary  of  the 
60  cps  measurements  on  specimens  that  were  placed  in  the  vacuum 
chamber,  but  not  irradiated,  is  given  in  Table  8.  These  values  are 
based  on  tests  where  a  sharp  puncture  was  obtained  in  the  thin  section 
of  the  specimen.  The  spread  in  results  is  not  unusual  for  high-strength 
materials.  Just  how  much  of  his  spread  is  characteristic  of  the  mat¬ 
erial  itself  is  difficult  to  evaluate.  Certainly  a  property  such  as  elec¬ 
tric  strength,  which  involves  a  localized  catastrophic  event,  will 
exhibit  a  greater  spread  than  a  property  such  as  dielectric  constant, 
which  depends  on  the  average  behavior  of  all  mechanisms  in  the  active 
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volume  of  a  specimen.  The  additional  contribution  to  the  spread 
caused  by  handling  of  the  specimen  and  by  electrode  effects,  cannot  be 
readily  evaluated. 

Similar  results  were  obtained  in  tests  on  PE  and  PF  using  posi¬ 
tive  direct-voltage,  i.e.  the  high-voltage  electrode  was  positive  with 
respect  to  the  ground  electrode.  The  average  value  of  d-c  electric 
strength  for  PE  was  2.  3  KV/mil  and  the  maximum  and  minimum  values 
were  3.  0  and  1 . 9  KV/mil  respectively.  For  PF  the  re  suits  were  2.  6 
KV/mil  average,  3.  3  KV/mil  maximum  and  1.  8  KV/mil  minimum. 

Tests  in  the  radio-frequency  range,  even  on  these  low-loss 
materials,  resulted  in  considerable  heating  in  the  critical  volume  of 
the  specimen.  Thermal  failures  were  observed  at  2  Me  and  18  Me  on 
PE,  PS  and  the  fluoroethylene  polymers.  The  failure  stresses  are 
given  in  Table  9.  These  tests  were  conducted  under  severe  thermal 
conditions  because  very  little  of  the  heat  which  was  developed  in  the 
critical  volume  of  the  specimen  could  be  conducted  away  by  the  thin 
silver  coating  and  the  vacuum  medium  provided  no  significant  cooling. 
These  same  materials  exhibit  sharp,  pin-point  punctures  at  frequencies 
up  to  100  Me  when  the  tests  are  conducted  in  an  oil  immersion  medium 
and  the  electrodes  are  made  of  solid  brass.  Furthermore,  under 

more  favorable  thermal  conditions,  the  failure  stresses  are  two  or 
three  times  greater  than  those  shown  in  Table  9.  These  results  illus¬ 
trate  how  much  the  test  method  can  affect  measured  values  of  electric 
strength.  They  further  indicate  the  importance  of  thermal  considera¬ 
tions  in  high-frequency  applications,  particularly  in  a  high-vacuum 
medium . 


c.  Effects  of  X-ray  Irradiation  on  Electric  Strength.  To  deter¬ 
mine  the  immediate  effects  of  x-ray  irradiation  on  electric  strength, 
tests  were  conducted  at  60  cps  in  the  manner  described  for  the  flash- 
over  experiments  (see  page  18  ).  No  effect  could  be  detected  for  any 
of  the  materials  listed  in  Table  8. 
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Long -time  radiation  effects  were  investigated  by  conducting  the 
breakdown  test  on  each  specimen  after  a  given  exposure  period.  The 
tests  were  made  while  the  specimens  were  still  being  irradiated.  These 
tests  are  very  time-consuming  because  each  specimen  yields  only  one 
breakdown  value  at  the  end  of  the  exposure  period. 

The  results  obtained  on  PE,  TFE-6,  TFE-7,  and  FEP-100  are 
summarized  in  Figures  23  -  26  respectively.  Any  effects  that  might 
be  produced  over  the  dosage  ranges  shown  are  masked  by  the  spread 
in  results.  Consequently,  the  results  only  show  that  no  large  effects 
were  detected.  This  result  was  expected  for  PE  and  FEP-100  but  not 
for  TFE-6  and  TFE-7.  The  loss  properties  of  the  TFE  materials 
were  drastically  affected  by  x-ray  irradiation  (see  Section  III,  D,2). 
Values  of  60  cps  tan6  as  high  as  0.  40  for  TFE-6  and  0.  17  for  TFE-7 
were  observed  after  absorbed  doses  of  approximately  2.  5  and  1. 0 
megarads  respectively.  Consequently,  it  was  expected  that  such  high 
values  of  induced  dissipation  factor  would  cause  thermal  effects  to 
influence  the  electric  strength  measurements.  Suprisingly,  however, 
temperature  rise  in  the  test-area  was  found  to  be  less  than  that  pre¬ 
dicted  on  the  basis  of  the  high  dissipation  factors.  To  resolve  this 
discrepancy,  dissipation  factor  measurements  were  made  on  break¬ 
down  specimens  during  irradiation.  However,  the  results  of  these 
approximate  measurements  confirmed  the  existence  of  very  high 
dissipation  factors  for  both  materials. 

One  effect  that  would  explain  the  apparent  improvement  in  be¬ 
havior  during  the  breakdown  test  is  a  dependence  of  tan&  on  applied 
voltage.  Time  did  not  permit  a  thorough  study  of  this  effect,  but  a 
circuit  was  assembled  which  served  to  show  that  tan&  (60  cps)  was 
indeed  a  decreasing  function  of  voltage  for  irradiated  TFE-6  and 
TFE-7.  Furthermore,  the  variation  with  voltage  was  reversible.  This 
suggests  that  the  radiation-induced  loss-mechanism  could  be  one  that 
is  hindered  and,  therefore,  contributes  to  the  loss  for  only  a  part  of 
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eaeh  half-cycle  at  the  higher  voltages.  Further  experiments  could  aid 
in  identifying  the  particular  mechanism  involved,  but  they  could  not  be 
conducted  in  time  to  be  included  in  this  report. 

3.  Summary  of  Dielectric  Breakdown  Study.  The  breakdown 
study  has  revealed  no  significant  effects  on  electric  strength  as  a 
result  of  x-ray  irradiation  under  high-vacuum.  However,  the  study  is 
not  complete.  Only  one  class  of  materials,  the  low-loss  polymers, 
has  been  investigated.  Future  studies  involving  the  electric  strength 
of  solids  in  a  high-vacuum  environment  have  been  planned.  Emphasis 
will  b<=  placed  on  determining  the  extent  to  which  various  factors  influ¬ 
ence  the  spread  in  results.  The  objective  of  this  study  will  be  two-fold: 
(i)  to  permit  detection  of  small  (but  significant)  changes  in  electric 
strength  caused  by  pertinent  environmental  stresses,  so  that  short- 
time  exposure  data  can  be  used  in  predicting  high-stress  effects  under 
service  conditions;  and  (ii)  to  gain  a  better  understanding  of  the  mechan¬ 
isms  involved  in  breakdown  under  the  exposure  conditions  of  the  pro¬ 
gram. 


D.  Loss  Properties. 

1.  High-Vacuum  Effects.  As  a  matter  of  convenience  the  term 
"loss  properties"  is  used  in  this  report  to  include  dielectric  constant, 
dissipation  factor  (tan6).  d-c  surface  resistivity  and  d-c  volume  resis¬ 
tivity  —  the  properties  which  do,  indeed,  govern  the  loss  characteris¬ 
tics  of  a  material.  These  properties  are  not  dependent  upon  the 
electrical  characteristics  of  the  medium  which  surround  a  specimen 
(in  contrast  to  flashover  strength);  but  the  composition  of  the  surround¬ 
ing  medium  can,  of  course,  influence  the  loss  properties  of  a  solid  by 
causing  changes  in  the  composition  of  the  solid  material.  In  a  vacuum 
environment  such  changes  can  be  caused  by  the  removal  of  moisture 
and  other  volatile  products  from  the  solid  material. 
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In  general,  the  effects  of  high-vacuum  exposure  result  in 
improved  loss  properties.  The  largest  changes  occur  during  the  early 
stages  of  exposure.  The  rate  of  change  depends  on  the  pressure  in  the 
vacuum  chamber,  the  specimen  temperature  and  the  previous  condi¬ 
tioning  of  the  specimen. 

Since  these  changes  in  electrical  properties  are  not  degradative, 
there  is  no  reason  to  be  concerned  about  insulation-life  in  a  high- 
vacuum  environment  unless  the  physical  properties  of  a  material  are 
impaired.  However,  when  stability  is  an  important  consideration, 
any  change  in  electrical  properties  can  be  undesirable.  A  decrease 
in  dielectric  constant,  for  instance,  can  affect  the  performance  of  a 
component  and  thereby  change  the  operating  characteristics  of  a 
device.  Consequently,  even  the  changes  that  result  in  improved  elec¬ 
trical  properties  must  be  considered  undesirable  in  some  cases. 

When  x-ray  irradiation  is  introduced,  the  resulting  changes  in 
electrical  properties  are  not  usually  beneficial.  These  effects  are 
discussed  in  the  following  Section.  In  the  irradiation  experiments  each 
specimen  was  exposed  to  high-vacuum  for  about  two  days  before  the 
irradiation  was  introduced.  Measurements  were  made  before  pump- 
down  and  again  at  the  end  of  the  two  day  period.  In  the  tables  of 
exposure  data  these  values  are  referred  to  as  "Initial"  and  "Pump- 
down"  respectively. 

The  initial  loss  properties  of  all  the  materials  included  in  this 
program  are  summarized  in  Tables  10  and  11.  These  values  were 
measured  under  room  condition,  on  specimens  that  were  stored  in  the 
laboratory  for  at  least  two  weeks. 

2,  Effects  of  X-ray  Irradiation  on  Loss  Properties. 

a.  General  Remarks.  A  considerable  amount  of  research  has 

/  2  fv  \ 

been  reported  on  the  effects  of  radiation  on  materials.  Charlesby, 
in  a  recent  book,  summarizes  the  important  publications  in  this  field 
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and  discusses  the  mechanisms  involved  in  radiation  effects  for  several 

(27) 

polymers.  Moody,  '  in  an  REIC  Memorandum,  points  out  that  most 
of  the  published  work  pertains  to  physical  and  chemical  properties, 
rather  than  electrical  properties.  However,  Charlesby  does  include 
a  short  chapter  on  electrical  conductivity,  based  primarily  on  the  work 
of  F owler .  ^  ^ 

Ir  several  of  the  investigations  where  electrical  properties 
have  been  studied,  measurements  were  made  before  and  after  irradia¬ 
tion,  but  meaningful  measurements  could  not  be  made  during  irradiation. 
In  this  program,  measurements  of  dielectric  constant  and  dissipation 
factor  were  made  during  irradiation  while  the  specimens  were  in  a  high- 
vacuum  (10“5  -  10“k  Torr).  Transient  effects  were  observed  which 
would  not  have  been  evident  if  significant  time  intervals  had  elapsed 
between  irradiation  and  measurement. 

The  three-electrode  specimens  that  were  used  in  this  study 
are  normally  used  for  measurements  of  dielectric  constant,  dissipation 
factor,  d-c  surface  resistivity  and  d-c  volume  resistivity.  However, 
during  irradiation  the  ionization  currents  in  the  residual  gas  and  the 
photoelectric  currents  from  the  electrodes  were  larger  than  the  d-c 
currents  in  the  specimen  (a  condition  that  does  not  seem  to  be  adequately 
accounted  for  in  some  published  investigations).  Consequently,  d-c 
measurements  could  only  be  made  while  the  x-ray  generator  was  temp¬ 
orarily  turned  off.  A  lack  of  pumping  time  and  cell  space  would  not 
permit  the  use  of  separate  specimens  for  d-c  measurements  only. 

Recovery  measurements  were  made  while  the  specimens 
remained  in  the  vacuum  environment  for  at  least  24  hours.  Subsequent 
recovery  measurements  were  made  at  atmospheric  pressure  (room- 
condition)  because  of  the  prohibitive  pumping-time  required  to  make 
such  measurements  in  the  high-vacuum  cell. 

The  results  for  each  type  of  material  are  discussed  br  low. 


-37- 


b.  Tetr afluoroethylene  Polymers.  The  most  striking  radiation 
effects  were  those  exhibited  by  the  TFE  polymers.  Polytetrafluor oethy- 
lene  has  received  a  great  deal  of  attention  in  irradiation  studies  because 
of  its  poor  radiation  resistance  in  contrast  to  its  excellent  thermal  and 
chemical  stability.  The  TFE  polymers  and  the  FEP  copolymer  exhibit 
similar  electrical  properties  under  normal  ambient  conditions,  but 
their  behavior  in  the  presence  of  x-ray  irradiation  differs  markedly. 

Figure  27  shows  the  drastic  effect  of  x-ray  irradiation  on  the 
dissipation  factors  of  TFE-6  and  TFE-7  at  60  cps  and  1  kc.  The 
detailed  data  are  given  in  Table  12.  The  60  cps  dissipation  factor  of 
TFE-6  increased  rapidly  during  the  early  stages  of  exposure,  reaching 
a  maximum  value  of  0.  408  at  an  absorbed  dose  of  2.  5  megarads.  It 
decreased  during  the  remainder  of  the  exposure  period  to  a  value  of 
0.  081  at  a  total  absorbed  dose  of  6.  6  megarads.  TFE-7  exhibited  a 
similar  transient  effect,  reaching  a  maximum  value  of  0.  169  after 
only  29  hours  (0.91  megarads).  For  both  materials  the  effect  is 
greatly  moderated  at  1  kc,  indicating  that  the  induced  loss  is  associated 
with  a  relatively  large,  slow-moving  mechanism. 

Corresponding  changes  in  dielectric  constant  were  observed 
for  both  materials,  as  shown  in  Figure  28.  In  the  case  of  TFE-7  the 
change  in  1  kc  dielectric  constant  was  less  than  1.0  percent  throughout 
the  exposure  period.  The  detailed  data  are  given  in  Table  13. 

In  these  experiments  the  radiation  intensity  was  approximately 
150  pwatts/ cm4"  and  the  ambient  pressure  was  about  5.  0  x  10"^  Torr . 
Measurements  were  made  with  the  beam  on,  and  frequent  checks  were 
made  with  the  hoam  off  to  verify  the  fact  that  the  observed  values  were 
representative  of  the  specimen  behavior.  These  checks  showed  that 
extraneous  effects,  such  as  gas  ionization  and  photoelectric  currents, 
did  not  affect  the  measurements.  Furthermore,  simultaneous  measure¬ 
ments  of  FEP-100  and  PF  showed  no  significant  induced  loss  for  either 
of  these  materials.  Consequently,  there  could  be  no  question  concerning 
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the  validity  of  the  measurements,  but  there  remained  some  doubt 
concerning  the  purity  of  the  TFE  specimens. 

New  lots  of  TFE-6  and  TFE-7  samples  were  prepared  by  the 
manufacturer  and  the  irradiation  experiments  were  repeated.  The 
results  were  essentially  the  same  as  those  obtained  in  the  original 
experiments.  Consequently,  the  presence  of  accidental  impurities  in 
the  specimens  was  very  unlikely. 

Measurements  of  d-c  conductivity  were  also  made  during  the 
irradiation  exposure  period.  As  mentioned  previously,  the  x-ray  beam 
was  temporarily  interrupted  during  the  d-c  measurements.  However, 
only  five  minutes  was  allowed  for  each  measurement  because  the 
specimens  do  exhibit  significant  recovery  characteristics.  Experiments 
showed  that  during  the  five  minute  electrification  the  current  decayed  to 
within  20  percent  of  the  value  remaining  after  24  hours  of  electrification. 
The  results  of  these  measurements  are  given  in  Table  14. 

These  data  show  that  measurable  conduction  currents  were 
induced  by  the  x-ray  irradiation,  but  no  attempt  was  made  to  study  this, 
phenomenon  in  detail.  A  considerable  amount  of  work  has  been  done 

(29) 

on  radiation-induced  conductivity  by  other  workers.  Warner 

reported  in  1951  on  the  induced  conductivity  in  high-quality  materials 

and  Warner,  Muller  and  Nordlin^^  reported  further  on  this  subject  in 

( /  8) 

1954.  Fowler'  '  '  discusses  the  mechanism  of  radiation-induced  con¬ 
ductivity,  being  primarily  concerned  with  recovery  characteristics. 

The  recovery  data  of  Table  14  indicate  that  there  was  no 
steady  decay  of  induced  conductivity  during  1170  hours  of  recovery. 
Although  these  measurements  include  polarization  currents  that  might 
have  existed  after  24  hours  of  electrification,  they  are  of  practical 
significance.  The  results  of  Fowler  for  much  smaller  absorbed  doses 
indicate  that  induced  conductivity  decays  rapidly.  However,  this  should 
not  be  interpreted  to  mean  that  the  effects  of  radiation  on  the  total 
induced  current  will  disappear  shortly  after  the  removal  of  radiation. 
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The  behavior  during  recovery  depends  upon  the  absorbed  dose  and  the 
period  of  electrification.  A  more  detailed  study  would  be  required  to 
determine  the  effects  of  specimen  thickness)  (diffusion),  ambient  oxy¬ 
gen  concentration  and  dose  rate  on  the  decay  of  induced  conductivity  for 
high  dose  rates. 

Recovery  measurements  of  a-c  loss  properties  on  TFE-6  and 
TFE-7  indicate  that  a  rapid  decrease  in  Tan6  occurs  when  the  radiation 
is  discontinued.  This  decrease  in  tan6  continues  during  96  hours  of 
recovery  in  high-vacuum,  as  shown  in  Figure  27.  In  a  later  series  of 
measurements,  which  are  discussed  below,  it  was  found  that  when  TFE 
specimens  were  removed  from  the  vacuum  chamber,  the  low  frequency 
tan6  increased  (sometimes  erratically)  to  values  as  high  as  0.01  at 
100  cps.  Subsequent  decay  was  very  slow,  some  specimens  showing 
measurable  induced  losses  after  35  days  recovery  at  room  condition. 

These  results  demonstrate  the  importance  of  ambient  consti- 
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tuents  in  studies  of  radiation  effects.  Wall  and  Florin  found  that 
gamma  radiation  caused  rapid  loss  of  tensile  strength  in  polytetra- 
fluoroethylene  film  when  specimens  were  irradiated  in  air,  but  the 
material  was  relatively  resistant  to  radiation  in  high  vacuum.  They 
attribute  this  behavior  to  the  difference  in  oxygen  concentration. 

Florin  and  Wall^^  discuss  their  work  in  greater  detail  in  a  more 
recent  publication  dealing  with  the  radiation  chemistry  of  fluorocarbon 
polymers.  They  include  a  list  of  62  references  which  provides  a 
valuable  summary  of  the  published  work  in  this  specialized  area. 

In  view  of  the  drastic  effects  observed  during  irradiation  of 
the  TFE  polymers  in  vacuum,  where  it  was  expected  that  radiation 
effects  would  be  moderated,  it  seemed  most  desirable  to  conduct  simi¬ 
lar  experiments  in  air.  This  was  done  and  the  dissipation  factor  and 
dielectric  constant  data  are  shown  in  Figures  29  and  30.  Here  the 
induced  losses  Increase  to  the  same  high  level  as  the  maximum  values 
observed  in  the  vacuum  irradiation,  but  this  high  level  is  then  main¬ 
tained  throughout  the  exposure  period  (720  hours).  This  behavior  is  in 
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sharp  contrast  to  the  steady  decrease  in  tan&  for  both  TFE  polymers 
during  the  latter  stages  of  irradiation  in  vacuum.  These  results  further 
demonstrate  the  influence  of  oxygen  concentration.  However,  they  also 
indicate  that  the  induced  reactions  are  not  simple  ones  and  must  occur 
in  discrete  stages  with  significant  time-lags  between  reactions. 

The  observed  behavior  is  summarized  in  the  curves  of  Figures 
31  and  32,  which  show  the  changes  in  tan6  for  TFE-6  under  three  dif¬ 
ferent  experimental  conditions:  (i)  irradiation  in  air  (Curve  A); 

(ii)  irradiation  in  vacuum  (Curve  B);  and  (iii)  irradiation  in  vacuum 
using  a  specimen  that  had  been  previously  irradiated  (8.  5  megarads) 
and  allowed  to  recover  in  air  for  ten  months  (Curve  C). 

It  is  generally  agreed  that  irradiation  of  TFE  polymers  pro¬ 
duces  free  radicals  which  are  readily  oxidized  and  hydrolyzed.  The 
loss  data  suggest  that  the  free  radicals  are  not  directly  responsible 
for  the  very  high  values  of  tan6.  The  largest  contribution  to  the  induced 
losses  is  probably  associated  with  the  oxidized  products.  This  is 
evidenced  by  the  steady  high-losses  observed  in  air,  as  opposed  to  the 
trarsient  behavior  exhibited  in  high  vacuum.  It  is  further  demonstrated 
by  the  sudden  increase  in  tan6  that  is  observed  when  irradiated  speci¬ 
mens  are  exposed  to  air  (see  recovery  data  Figure  32). 

The  data  also  show  that  these  groups  are  capable  of  contributing 
to  the  induced  losses  for  only  a  short  period  of  time.  Their  elimination 
or  rearrangment  in  the  polymer  structure  results  in  a  decrease  in  tan6. 
This  is  demonstrated  by  the  recovery  data  for  the  specimens  irradiated 
in  air  (Curve  A,  Figure  32),  and  by  the  transient  nature  of  the  vacuum 
irradiation  effects.  The  concentration  of  these  groups  depends  upon 
their  mean  life,  the  x-ray  dose  rate,  the  G-value  for  the  production  of 
free  radicals  (number  of  reactions  per  100  cv  of  absorbed  energy), 
and  the  oxygen  concentration. 

Since  it  is  known  that  radiation  causes  crosslinking  and 
degradation  in  TFE  polymers,  it  is  possible  that  oxidized  groups 
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ultimately  become  attached  to  long  chain  molecules  in  such  positions 
that  they  no  longer  contribute  to  the  high  induced  losses. 

After  very  long  recovery  periods  the  physical  and  optical 
changes  caused  by  crosslinking  and  degradation  are  still  evident.  The 
induced  losses,  however,  are  not  measurable  after  several  months  of 
recovery  in  air.  Consequently,  these  structural  changes  do  not  signifi¬ 
cantly  affect  electrical  properties  and  may,  indeed,  provide  the  means 
by  which  the  high-loss  mechanism  is  eliminated,  as  mentioned  above. 

During  both  the  latter  stages  of  exposure  and  the  five  day 
recovery  in  vacuum,  the  dissipation  factor  of  the  specimen  which  had 
been  previously  irradiated  (Curve  C)  remained  constant.  This  indicates 
that  interaction  with  the  radiation  was  no  longer  contributing  to  the 
induced  losses  during  the  latter  period  of  exposure.  Upon  exposure  of 
the  specimen  to  the  atmosphere,  however,  tan6  immediately  increased 
and  then  remained  constant  for  30  days.  The  specimen  that  was  being 
irradiated  for  the  first  time  (Curve  B)  experienced  an  abrupt  decrease 
in  tan6  as  soon  as  the  radiation  was  discontinued,  but  then  showed  no 
further  change  during  recovery  in  vacuum.  Upon  exposure  to  the 
atmosphere  this  specimen  also  exhibited  a  sudden  increase  in  tan6, 
followed  by  a  somewhat  erratic  decrease  to  a  level  which  then  remained 
constant  for  the  next  two  weeks. 

This  difference  in  behavior  cannot  be  explained  solely  on  the 
basis  of  oxygen  concentration  because  both  specimens  were  simultan¬ 
eously  exposed  to  the  same  environment.  However,  the  difference  in 
total  absorbed  dose  is  significant  and  both  specimens  would  probably 
have  exhibited  comparable  losses  if  the  exposure  had  been  prolonged. 

The  specimen  irradiated  in  air  showed  no  saturation  effect  after 
absorbing  12  megarads,  but  this  is  still  a  smaller  dose  than  the  cumu¬ 
lative  dose  absorbed  by  the  specimen  of  Curve  C.  It  is  to  be  expected  that 
the  G-values  for  most  radiation  products  would  decrease  as  the  absorbed 
dose  increases,  and  this  would  lead  to  a  lower  concentration  of  the  groups 
that  cause  the  high  induced-losses. 
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Attempts  to  relate  the  observed  phenomena  to  specific  reactions 
described  by  other  workers  have  not  been  completely  satisfactory.  The 
most  serious  difficulty  lies  in  the  completely  different  behavior  of  PF, 
which  has  the  same  basic  structure  as  the  TFE-6  and  TFE-7  polymers. 
The  PF  material,  which  is  a  polytetr afluor oethylene  polymer  that  had 
been  stored  in  the  laboratory  for  several  years,  showed  no  measurable 
induced  loss  for  absorbed  doses  up  to  9.  3  megarads.  This  difference 
in  behavior  is  so  striking,  when  compared  to  the  high  dissipation  factors 
exhibited  by  the  TFE  polymers,  that  explanation  of  the  TFE  behavior 
based  on  the  reactions  which  are  initiated  by  breaking  C-C  and  C-F 
bonds  must  be  viewed  with  caution.  The  same  kinds  of  bonds  are  sub¬ 
ject  to  scission  in  both  types  of  materials,  but  the  PF  material  exhibits 
no  induced  loss.  This  suggests  that  end  groups  and  impurities  could 
play  important  roles  in  radiation  induced  losses. 

Specimens  of  TFE-6  which  contained  different  added  impurities 
were  available  and  experiments  were  conducted  to  determine  the  effects 
of  these  bulk  additives.  One-percent  loadings  of  zirconia,  silica  or 
carbon  had  no  marked  effect  on  the  radiation  sensitivity  or  recovery 
characteristics  of  TFE-6.  However,  these  granular  materials  are  not 
representative  of  the  kinds  of  impurities  that  might  be  included  during 
production  of  the  polymers. 

All  of  the  detailed  r  esults  that  have  been  accumulated  in  the 
course  of  this  study  on  TFE  are  not  included  in  the  tables  of  this 
report.  The  important  effects  have  been  described  and  enough  typical 
data  have  been  given  to  demonstrate  the  normal  spread  in  results.  To 
include  all  of  the  measured  values  would  serve  no  useful  purpose. 

Further  studies  of  the  effect  of  irradiation  on  the  low  frequency 

loss  properties  of  TFE  should  include  measurements  on  thin  specimens 

that  have  been  baked  under  vacuum  before  radiation  is  introduced. 

During  recovery  periods  the  ambient  relative  humidity  should  be  con- 

129) 

trolled  so  that  moisture  absorption  does  not  complicate  the  results.  ' 
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It  should  be  noted  that  the  electrical  behavior  during  irradia¬ 
tion  is  only  one  consideration  in  selecting  insulating  materials  for  use 
in  a  radiation  environment.  Degradation  of  physical  properties  iB  also 
an  important  consideration.  It  has  been  found  that  TFE  resins  enjoy 
an  increase  in  zero- strength-time  (ZST)  during  the  early  stages  of 

exposure  to  gamma  radiation,  but  then  exhibit  lower  values  of  ZST  as 

(32) 

the  exposure  time  is  prolonged.  '  '  This  transient  effect  could  be 

related  to  the  observed  peak  in  tanfi,  and  it  would  be  of  special  interest 
to  study  dynamic  mechanical  properties  during  irradiation. 

c.  FEP-100.  The  a-c  loss  properties  of  the  copolymer  FEP 
were  unaffected  by  x-ray  irradiation.  An  induced  d-c  conductivity  was 
observed,  however,  during  vacuum  irradiation.  The  volume  and  sur¬ 
face  resistivity  data  are  given  in  Table  15.  These  data  demonstrate  the 
existence  of  an  induced  conductivity,  but  experiments  could  not  be  con¬ 
ducted  to  study  this  effect  in  greater  detail. 

The  physical  and  optical  properties  of  FEP-100  were  permanently 
affected  by  the  x-ray  irradiation,  but  no  quantitative  measurements  were 
taken,  as  previously  explained. 

d.  Polychlorotrifluoroethylene.  Two  grades  of  polychlor otri- 
fluoroethylene,  designated  K-4  and  K-5,  and  one  grade  of  the  copolymer 
of  chlor otrifluor oethylene  and  vinylidene  fluoride,  designated  K-7,  were 
examined.  These  materials  are  described  in  detail  on  Pages  land  2,  and 
their  initial  properties  are  given  in  Tables  10  and  11. 

Both  K-4  and  K-5  showed  decreases  in  60  cps  tan6  during  and 
after  irradiation  as  shown  by  the  data  of  Table  16.  The  low  values  of 
0.  001  after  1920  hours  of  recovery  in  air  were  of  particular  interest 
because  they  are  about  one  decade  lower  than  the  initial  values.  How¬ 
ever  measurements  at  the  end  of  6700  hours  (16  months)  indicate  that 
the  dissipation  factors  are  slowly  increasing,  but  are  still  about  50 
percent  of  the  initial  values. 
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The  d-c  resistivity  data  are  given  in  Tables  17  and  18. 

Visual  inspection  indicated  that  the  x-ray  irradiation  caused 
a  yeilow  color-change  in  K-4  and  a  slight  change  in  index  of  refraction 
in  K-5, 

The  more  recent  measurements  on  K-7  indicate  that  the  a-c 
loss  properties  of  the  copolymer  were  unaffected  by  x-ray  doses  up  to 
27.  8  megarads.  The  exposure  and  recovery  data  are  given  in  Tables 
19  and  20. 

Induced  d-c  conductivity  was  observed  as  shown  by  the  volume 
and  surface  resitivity  data  of  Table  21. 

No  visual  changes  in  physical  or  optical  properties  were  evi¬ 
dent  as  a  result  of  the  irradiation. 

e.  Polyethylene  (Alathon  4  BK  30).  This  material  is  a  high 
molecular  weight  polyethylene  which  contains  approximately  2.  6  percent 
carbon  channel  black.  It  was  exposed  for  94  hours  to  a  total  dose  of 
0.69  megarads.  No  changes  in  a-c  properties  were  detected  and  only 
slight  changes  in  d-c  conductivity  were  observed,  as  shown  in  Table  22. 
Fowler  has  measured  x-ray  induced  conductivity  in  polyethylene  and 
discusses  his  results  in  detail  in  Reference  28.  A  polyethylene  com¬ 
parable  to  that  used  by  Fowler  has  not  been  included  in  the  program, 

so  that  a  direct  comparison  of  results  is  not  possible.  The  conduction 

-14 

currents  observed  in  both  cases  were  in  the  10  ampere  range,  but 
his  specimens  had  a  larger  area-to-thickness  ratio. 

f.  Crosslinked  Polystyrene  (PSC).  The  a-c  loss  properties 
of  PSC  were  unaffected  by  irradiation  in  vacuum  for  doses  up  to  4.  5 
megarads.  Induced  conductivities  were  observed  as  shown  by  the  data 
of  Table  23.  The  initial  values  are  of  particular  interest  because  they 
are  considerably  lower  than  those  exhibited  by  conventional  polystyrene. 
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The  radiation  resistance  of  polystyrene  is  known  to  be  high, 
so  it  was  not  expected  that;  the  crosslinked  material  would  be  affected 
by  the  x-ray  irradiation.  The  only  visual  evidence  of  physical  effects 
was  a  slight  change  of  color. 

g.  Mylar.  Measurements  were  made  on  two  grades  of  Mylar; 
130-100C  capacitor  film  and  130-100T  highly  oriented,  tensilized  film. 
The  largest  changes  in  a-c  loss  properties  of  these  1  mil  films  occurred 
during  the  pump-down  period  prior  to  irr adiation.  These  changes  con¬ 
sisted  of  decreases  in  dissipation  factor  and  dielectric  constant,  as 
shown  in  Tables  24  and  25.  The  removal  of  moisture  accounts  for  the 
improved  electrical  properties.  It  will  be  noted  that  corresponding 
increases  in  loss  properties  occurred  when  the  specimens  were  again 
exposed  to  the  atmosphere. 

The  d-c  volume  and  surface  resistivity  data  are  given  in 
Tables  26  and  27.  The  observed  decreases  in  these  properties  were 
limited  to  approximately  one  decade  throughout  the  exposure  period. 

The  irradiation  caused  a  slight  yellowing  of  the  transparent 
films  and  they  became  somewhat  stiffer  (more  brittle). 

h.  Glass  Polyester  Laminate ,  (GPG) .  This  material  exhibited 
changes  in  a-c  and  d-c  properties  during  vacuum  x-ray  irradiation. 

No  changes  in  dielectric  constant  were  observed,  but  rapid  increases 
in  60  cps  and  1  kc  dissipation  factor  occurred  during  the  early  stages 
of  irradiation,  as  shown  by  the  data  of  Table  28.  During  the  remainder 
of  the  exposure  period  there  was  little  change  in  dissipation  factor,  and 
there  was  no  rapid  decay  during  the  recovery  period. 

The  d-c  data  are  given  in  Table  28  and  it  will  be  noted  that  the 
first  measurements  were  made  after  68  hours  of  irradiation.  Earlier 
measurements  would  have,  been  made  except  for  an  unavoidable  situation 
which  made  it  impossible  to  do  so.  However,  it  can  be  seen  that  the 
largest  change  in  conductivity  had  occurred  prior  to  the  first  measure- 
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ment  and  relatively  little  change  was  observed  during  the  remainder 
of  the  exposure  period.  During  the  960  hour  recovery  period  the 
volume  and  surface  resistivities  remained  essentially  constant,  i.  e. 
they  showed  no  definite  decay. 

The  material,  which  is  a  light  green  translucent  laminate, 
experienced  a  yellowing  color  change  during  irradiation.  This  color 
change  is  further  evidence  of  a  permanent  degradation  during  exposure. 
Since  this  material  is  intended  for  use  in  radomes,  it  would  seem 
advisable  to  determine  the  effects  of  irradiation  on  its  mechanical 
properties . 

i.  Copper-Clad  Glass-Epoxy  Laminate  (FF-95).  At  the  time 

the  irradiation  study  of  FF-95  was  made  the  upper  limits  of  d-c  volume 

14 

and  surface  resistivity  that  could  be  measured  were  1.8x10  ohm- 
13 

cm  and  4.  0  x  10  ohms  per  square.  Consequently,  no  induced  con¬ 
ductivity  was  detected  during  the  exposure  period.  Specimens  of 
FF-95  coated  with  HYSOL  6233  were  also  examined  under  the  same 
conditions  and  exhibited  no  induced  conductivity. 

No  changes  in  a-c  loss  properties  were  observed  for  FF-95 
or  the  coated  material  FF-95C  during  a  48  hour  exposure  period. 

Further  tests  on  this  material  were  planned  for  the  last  phase 
of  the  program.  It  is  just  as  well  that  these  additional  tests  were  not 
conducted  because  it  is  now  understood  that  significant  changes  in  the 
material  have  been  made  by  the  manufacturer,  so  the  data  would  be  of 
questionable  value. 

j.  Forsterite,  Alsimag-243  (2  MgO.  SiO^).  In  general,  the 
ceramics  are  more  resistant  to  ionizing  radiation  than  organic  mat¬ 
erials.  No  drastic  changes  in  the  electrical  properties  of  AL-243 
were  observed  during  a  95  hour  x-ray  exposure  period.  The  dielectric 
constant  and  dissipation  factor  values  remained  constant  and  are, 
therefore,  not  presented  in  tabular  form.  Slight  changes  in  d-c 
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resistivity  are  given  in  Table  29.  Throughout  the  exposure  and 
recovery  periods  the  volume  and  surface  resistivities  remained  very 
close  to  the  limit  of  measurement,  a  result  that  was  expected  on  the 
basis  of  the  known  behavior  of  such  materials  in  a  radiation  environ¬ 
ment. 

Visual  inspection  of  the  specimens  indicated  very  little  or  no 
darkening  as  the  result  of  color  center  formation. 

k.  Alox  (AI2O3).  The  electrical  behavior  of  Alox  was  similar 
to  that  of  ALi-243  during  vacuum  x-ray  exposure.  No  changes  were 
detected  in  a-c  loss  properties,  but  slight  changes  in  d-c  resistivity 
were  observed,  as  shown  by  the  data  of  Table  30.  Alox  is  one  of  the 
few  materials  that  exhibited  an  initial  d-c  conductivity  that  was  within 
the  range  of  measurement.  The  resistivity  of  one  specimen  was  con¬ 
sistently  higher  than  the  other  one,  and  this  specimen  showed  virtually 
no  change  during  exposure.  This  variation  among  specimens  is  typical, 
and  is  not  peculiar  to  Alox  alone  by  any  means. 

The  x-ray  irradiation  produced  a  drastic  color  change  in  Alox, 
from  white  to  brown.  This  change  is  the  result  of  color  center  forma¬ 
tion  associated  with  the  absorption  of  energy  from  the  incident  x-ray 
radiation.  Upon  exposure  to  visible  light,  the  specimens  are  bleached 
to  their  original  color,  but  in  the  absence  of  light,  the  induced  color 
centers  are  retained  indefinitely.  The  recovery  data  of  Table  30  were 
obtained  with  specimens  that  were  stored  in  a  dark  area,  but  were  not 
kept  in  complete  darkness  during  the  actual  recovery  measurements. 
Therefore,  it  is  possible  that  the  low  values  of  resistivity  that  were 

observed  during  recovery  might  have  been  influenced  by  photoconduc- 
(33) 

tion.  However,  it  should  be  noted  that  in  spite  of  the  high  concen¬ 

tration  of  color  centers,  the  properties  of  Alox  were  not  drastically 
affected. 


1.  Steatite,  Alsimag-665  (MgO.SiO^).  This  ceramic  also 


showed  high  resistance  to  x-ray  irradiation.  Its  a-c  properties  were 
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virtually  unaffected  during  irradiation,  but  showed  some  variation 
during  recovery  in  air,  as  shown  in  Table  31.  These  slight  changes 
in  tan6  could  be  caused  by  fluctuations  in  ambient  relative  humidity, 
which  was  not  controlled  during  the  recovery  period. 

The  d-c  resistivity  data  shown  in  Table  32,  indicate  that  no 
steady  increase  in  conductivity  was  exhibited.  The  spread  in  results 
and  the  fluctuations  over  a  long  period  of  time  are  typical  of  d-c 
resistivity  measurements,  particularly  with  ceramics. 

Only  a  slight  change  in  color  was  produced  by  the  x-ray  irrad¬ 
iation  . 


m.  Beryllium  Oxide  (BeO).  Exposure  data  on  dissipation 
factor,  dielectric  constant,  and  d-c  resistivity  are  given  in  Tables  33, 

34  and  35  respectively.  Detailed  results  are  shown  for  two  specimens. 
Specimen  1  was  the  best  sample  in  a  lot  of  50  pieces  and  Specimen  2  was 
typical  of  most  of  the  samples  in  that  same  lot.  All  of  the  specimens 
were  retired  at  a  temperature  of  1350°C  to  remove  any  contamination 
caused  by  the  grinding  operation.  Particular  care  was  taken  to  avoid 
surface  contamination  while  handling  the  specimens  in  the  laboratory, 
but  the  variation  in  electrical  properties  among  samples  was  still 
quite  large.  This  condition  was  also  encountered  with  the  high-purity 
alumina  described  above.  The  two  BeO  specimens  exhibited  radically 
different  behavior  during  exposure.  Specimen  1  was  virtually  unaffected, 
while  Specimen  2  showed  a  marked  improvement  in  loss  properties. 

The  largest  changes  in  the  properties  of  Specimen  2  occurred  during 
the  pump-down  period  prior  to  irradiation.  The  properties  of  the  two 
samples  became  more  nearly  alike  during  the  exposure  period  and  they 
remained  unchanged  during  the  recovery  period  in  vacuum.  However, 
when  the  specimens  were  exposed  to  the  atmosphere,  the  loss  proper¬ 
ties  of  Specimen  2  increased  to  their  initial  values  and  became  some¬ 
what  erratic  during  the  remainder  of  the  recovery  period. 
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This  behavior  indicates  that  Specimen  2  was  highly  sensitive 
to  ambient  relative  humidity,  while  Specimen  1  was  unaffected  by  the 
same  changes  in  environmental  conditions.  Consequently,  it  must  be 
concluded  that  the  effects  of  vacuum  exposure  on  the  electrical  proper¬ 
ties  of  BeO  depend  on  the  presence  of  impurities  and  surface  contamin¬ 
ants. 

The  x-ray  irradiation  caused  severe  discoloration  in  BeO, 
from  white  to  dark  grey.  This  effect  could  be  important  in  applications 
where  emissivity  is  a  design  consideration. 

n.  Eccofoam  S,(ECF).  This  material  is  a  polyurethane  foam 
which  has  a  density  of  12  lbs  per  cu.  ft.  Bike  other  low  density 
materials,  it  has  a  low  dielectric  constant  and  a  low  dissipation  factor 
over  a  wide  frequency  range.  The  fact  that  so  much  of  the  volume  is 
occupied  by  air  accounts  for  the  low  values  of  measured  dielectric 
constant  and  dissipation  factor.  Actually,  the  solid  material  itself 
does  not  possess  particularly  good  electrical  properties.  The  initial 
values  of  d-c  volume  and  surface  resistivity  are  given  in  Table  36. 
These  values  indicate  that  the  solid  material  has  a  relatively  high 
conductivity,  since  the  measured  conduction  current  flows  only  in  the 
cellular  structure  and  not  in  the  gaseous  portion  of  the  specimen. 

Specimens  of  ECF  were  exposed  to  x-ray  irradiation  under 
high  vacuum  for  94  hours.  No  changes  in  a-c  properties  were  detected 
during  this  period,  but  some  variations  in  d-c  resistivity  were  observed, 
as  shown  by  the  data  of  Table  36.  For  the  most  part,  the  exposure  had 
a  beneficial  effect,  which  was  probably  associated  with  the  removal  of 
moisture  and  other  volatile  products. 

3.  Effects  of  Ultraviolet  Radiation  on  Loss  Properties. 

a.  General  Remarks.  In  space  applications  ultraviolet  radia¬ 
tion  presents  a  less  severe  environmental  stress  than  x-ray  or  higher 
energy  radiation  because  it  is  so  readily  absorbed  by  most  materials 
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that  it  can  interact  only  with  the  surfaces  of  exposed  components. 
Consequently,  greater  emphasis  was  placed  on  the  x-ray  irradiation 
study  during  this  program. 

A  few  experiments  conducted  during  the  first  phase  of  the  pro¬ 
gram  indicated  that  thermal  effects  were  contributing  to  the  observed 
changes  in  loss  properties  during  ultraviolet  irradiation. 

In  the  second  phase  of  the  program  a  specimen  holder  was 
designed  which  permitted  the  ultraviolet  radiation  to  pass  through  a 
transparent  electrode  and  impinge  on  the  active  area  of  the  loss  speci- 
ment.  Provision  was  made  to  compensate  for  the  specimen  temperature 
rise  in  order  to  separate  thermal  effects  from  those  caused  by  inter¬ 
action  with  the  radiation.  Although  no  drastic  effects  were  observed, 
the  experiments  are  described  below  in  order  to  provide  a  description 
of  the  technique.  Results  are  also  given  for  measurements  that  were 
made  before  and  after  exposure,  where  electrodes  were  not  applied  to 
the  specimen  during  irradiation. 

b.  Ultraviolet  Measurements  During  Irradiation.  The  speci¬ 
men  holder  used  in  these  experiments  utilizes  a  quartz  high-voltage 
electrode  to  permit  the  radiation  to  impinge  on  the  active  area  of  the 
loss  specimen.  The  transparent  electrode  is  a  2  1/2  inch  diameter, 

1/8  inch  thick  quartz  plate  with  a  conductive  coating  of  tin  oxide  which 

4 

has  a  resistivity  of  approximately  2.2x10  ohms  per  square.  The 
coating  was  applied  by  Dr.  N.  M.  Bashara,  University  of  Nebraska, 
Lincoln,  Nebraska,  who  is  using  this  type  of  electrode  in  a  study  of 
discharges  in  dielectric  voids. 

The  specimen  holder  is  shown  in  Figure  33.  The  transparent 
high-voltage  electrode  is  mounted  in  the  large  brass  cylinder  on  the 
left.  The  measurement  electrode  is  shown  in  a  raised  position  to  make 
it  distinguishable  from  the  guard  ring  which  surrounds  it.  Two  typical 
specimens  are  shown  in  the  foreground.  The  radiation  intensity  at  the 
specimen  surface  is  given  in  Table  2. 


Experiments  were  conducted  to  determine  the  extent  to  which 
the  resistivity  of  the  tin  oxide  coating  would  influence  loss  measure¬ 
ments.  It  was  found  that  no  error  was  introduced  at  frequencies  up  to 
10  kc.  At  higher  frequencies  the  equivalent  series  resistance  of  the 
cell  would  cause  a  significant  error. 

To  determine  the  effectiveness  of  the  contact  between  the 
coated  electrode  and  the  bare  specimen,  measurements  were  made  on 
several  materials  before  and  after  the  application  of  evaporated  silver 
electrodes.  Significant  errors  were  found  to  occur  only  with  badly 
warped  specimens. 

Since  it  is  possible  to  have  small  air  spaces  between  the 
transparent  electrode  and  the  specimen  surface,  it  was  necessary  to 
determine  if  these  voids  introduced  errors  when  measurements  were 
made  in  the  presence  of  intense  ultraviolet  radiation.  In  these  experi¬ 
ments  the  coated  electrode  was  deliberately  held  at  a  distance  of  3  mils 
from  the  specimen  surface,  while  measurements  were  made  with  and 
without  ultraviolet  radiation.  Using  polystyrene  samples  it  was  found 
that  the  bridge  balance  did  not  change  as  the  ultraviolet  source  was 
switched  on  and  off. 

One  of  the  disadvantages  of  the  cell  is  its  relatively  large 
mass,  which  gives  it  a  long  thermal  time-constant.  The  cell  was 
designed  for  use  with  a  sensitive  temperature  control  network  which 
would  maintain  the  specimen  temperature  constant  (±0.  5°C)  through¬ 
out  an  extended  period  in  which  the  ultraviolet  beam  was  on  for  only  a 
part  of  the  time.  In  order  to  accomplish  this,  it  was  necessary  to 
allow  several  hours  for  the  cell  to  reach  an  equilibrium  temperature 
a  few  degrees  higher  than  it  would  normally  attain  with  the  beam  on. 

An  incandescent  lamp  in  the  vacuum  cell  was  used  to  supply  the  re¬ 
quired  thermal  energy  to  raise  the  temperature  of  the  cell.  The 
response  time  of  the  control  circuit  was  such  that  after  the  final  temp¬ 
erature  was  reached,  the  ultraviolet  source  could  be  turned  on  and  the 
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incandescent  lamp  would  then  supply  only  enough  energy  to  maintain  a 
constant  specimen  temperature.  A  similar  arrangement  for  tempera¬ 
ture  control  was  used  with  a  conventional  three-electrode  specimen, 
where  the  metal  electrode  shielded  the  active  volume  of  the  specimen 
from  the  ultraviolet  beam. 

Measurements  were  made  on  the  radome  material  GPG  using 
both  types  of  electrode  systems.  Before  the  ultraviolet  source  was 
turned  on,  both  samples  had  reached  thermal  equilibrium  and  their 
dielectric  constants  had  stabilized  at  a  value  approximately  9  percent 
above  room  temperature  value.  The  exposure  and  recovery  data  are 
given  in  Table  37.  Both  samples  showed  an  increase  in  dielectric 
constant  when  the  beam  was  turned  on.  The  conventional  specimen 
exhibited  the  greater  change  during  irradiation,  but  the  maximum 
increase  was  less  than  4  percent  and  the  difference  between  specimens 
was  about  2  percent.  When  the  measurements  were  repeated  with 
specimens  of  PSC  and  Alathon  4  BK  30,  no  changes  in  loss  properties 
were  observed.  Similar  measurements  were  made  on  the  printed  cir¬ 
cuit  laminate  FF-95  by  stripping  the  copper  film  from  one  side.  No 
changes  in  loss  properties  were  observed  after  thermal  equilibrium 
was  established. 

Time  would  not  permit  further  investigation  of  the  behavior 
exhibited  by  GPG.  The  observed  changes  were  small,  but  they  do  pose 
an  interesting  academic  question.  However,  it  was  necessary  to  pro¬ 
ceed  with  other  experiments  to  determine  if  important  effects  were 
produced  during  longer  exposure  periods. 

c.  Measurements  Before  and  After  Irradiation.  Since  it  was 
desirable  to  gain  the  maximum  amount  of  information  in  the  limited 
time  available  for  ultraviolet  exposure  studies,  a  series  of  measure¬ 
ments  was  made  on  specimens  before  and  after  irradiation.  Silver 
paint  electrodes  were  applied  to  the  specimens  and  initial  measure 
ments  were  made.  The  electrodes  were  then  removed  before  the 
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specimens  were  placed  in  the  vacuum  cell.  This  method  permitted 
four  specimens  to  be  irradiated  simultaneously.  After  exposure  for 
about  335  hours,  the  specimens  were  removed  and  new  electrodes 
were  applied. 

The  results  of  these  teste  showed  that  the  ultraviolet  radiation 
produced  no  significant  changes  in  dielectric  constant,  tan6  and  d-c 
surface  and  volume  resistivity  of  Mylar  130-100  T,  Mylar  130-i00  C, 
AL.-665,  BeO  and  PSC.  The  exposure  times  for  these  materials  varied 
from  334  to  338  hours.  Although  the  1  mil  Mylar  specimens  showed  no 
changes  in  electrical  properties,  they  did  suffer  severe  physical  de¬ 
gradation,  as  evidenced  by  brittleness  and  yellow  coloring. 

d.  Insulation  Resistance  Measurements  FF-95.  Experiments 
were  conducted  on  the  printed  circuit  board  FF-95,  using  the  comb- 
type  insulation  resistance  specimen  shown  in  Figure  34.  This  specimen, 
described  in  Signal  Corps  Technical  Requirements  SCL-6225  (10  July 
1957),  has  a  two-electrode  system  that  consists  of  six  sharply  defined 
parallel  conductors  0. 030  inches  ±0.  003  inches  wide,  spaced  0.  030 
inches  ±0.  003  inches  apart  and  3.  0  inches  in  length.  Alternate  con¬ 
ductors  are  connected  to  terminal  areas  at  opposite  ends  of  the  board. 

Measurements  of  d-c  insulation  resistance  could  not  be  made 
during  irradiation  because  the  photoelectric  current  was  many  times 
greater  than  the  combined  surface  and  volume  conduction  currents. 

When  the  beam  was  turned  off,  the  current  immediately  decayed  to  a 
value  beyond  the  range  of  measurement.  No  permanent  effects  were 
produced  by  the  irradiation. 

e.  Summary  of  Ultraviolet  Irradiation  Study.  As  mentioned 
previously,  the  x-ray  irradiation  study  received  far  greater  effort  than 
the  ultraviolet  study.  The  experiments  that  have  been  discussed  above 
show  that  the  instantaneous  and  short-time  effects  of  ultraviolet  irradia¬ 
tion  on  a-c  loss  properties  are  not  large  enough  to  be  of  practical 
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importance.  Photoelectric  effects  dominate  the  d-c  behavior  and,  in 
most  instances,  it  would  not  be  possible  to  expose  metal  circuit 
elements  or  hardware  to  solar  ultraviolet  radiation  if  a  high  level  of 
insulation  resistance  must  be  maintained. 

The  long-time  degradative  effects  of  ultraviolet  radiation  in 
high-vacuum  remain  to  be  studied.  Other  laboratories  are  studying 
such  effects,  but  there  is  no  program  primarily  concerned  with  elec¬ 
trical  properties.  It  is  reasonable  to  expect,  however,  that  physical 
degradation  will  be  a  more  important  consideration  in  selecting  mater¬ 
ials  that  must  be  exposed  to  solar  radiation. 

E.  Microwave  Measurements.  A  used  Microwave  Dielectro¬ 
meter,  Model  2,  manufactured  by  Central  Research  Laboratories,  Inc., 
Red  Wing,  Minnesota,  was  acquired  during  the  program.  This  equip¬ 
ment  is  designed  to  facilitate  measurement  of  dielectric  constant  and 
dissipation  factor  in  the  frequency  range  from  1 . 0  to  8.6  Gc. 

The  equipment  was  repaired  and  put  into  operation  during  the 
second  phase  of  the  program.  Its  performance  was  evaluated  by  a 
series  of  measurements  on  materials  whose  microwave  properties  have 
been  well  established.  Long-time  stability  of  the  equipment  was  found 
to  be  satisfactory  requiring  only  minor  adjustments  to  maintain  proper 
operation.  However,  short-time  fluctuations  caused  by  temperature 
and  line  voltage  variations  were  great  enough  to  make  it  necessary  to 
perform  four  measurements  on  each  specimen.  Instability  is  not  a 
problem  with  high  dielectric  constant,  high  loss  materials. 

A  second  series  of  measurements  was  made  on  specimens  of 
TFE  and  polystyrene  before  and  after  x-ray  irradiation  in  high-vacuum. 
Surface  layer  doses  of  5.7  and  3.2  megarads  respectively  produced  no 
measurable  changes  in  loss  properties  at  3.0  Gc. 

To  eliminate  a  great  deal  of  the  time-consuming  calculations 
involved  in  reducing  the  data,  simplifications  were  made  which 
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permitted  the  manipulation  of  real  quantities  only.  To  achieve  further 
reduction  in  the  time  required  for  calculations  a  computer  program 
was  designed  to  provide  values  which  could  be  plotted  to  form  a  series 
of  charts  that  permit  rapid  reduction  of  data  from  instrument  readings. 
This  program  was  run  on  an  IBM  7090  computer  at  the  Johns  HopkinB 
Applied  Physics  Laboratory. 

Further  studies  of  microwave  properties  of  materials  under 
space  environmental  conditions  will  be  made  in  the  next  program. 
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IV.  Conclusions 

This  program  has  served  as  an  introduction  to  the  study  of  the 
effects  of  space  environment  on  the  electrical  properties  of  insulating 
materials.  Many  aspects  of  this  broad  subject  have  been  examined, 
but  only  a  few  specific  effects  could  be  studied  in  detail.  Future  pro¬ 
grams  will  be  concerned  with  the  unanswered  questions  that  have  been 
raised  during  this  investigation. 

Several  important  results  were  obtained,  however,  and  they  are 
summarized  below: 

1.  Flashover  in  high-vacuum  depends  upon  electrode 
roughness  in  the  same  way  as  uniform  field  spark- 
over.  The  breakdown  process  is  governed  by 
field  emission  rather  than  a  Townsend  ionization 
mechanism,  and  the  condition  of  the  cathode  surface 
dominates  the  phenomenon. 

2.  X-ray  or  ultraviolet  radiation  have  no  immediate 
effect  on  high-vacuum  sparkover  or  flashover. 

3.  X-ray  irradiation  caused  no  significant  effects  on 
the  electric  strengths  of  the  low-loss  polymers 
examined. 

4.  Thermal  effects  dominate  the  high-frequency  break¬ 
down  of  solid  materials  when  the  electric  strength 
measurements  are  made  in  high-vacuum  with  light¬ 
weight  electrodes.  Thermal  conditions  arc  so 
unfavorable  that  even  the  low-loss  polymers  exhibit 
excessive  heating  at  stresses  considerably  lower  than 
their  electric  strengths  as  measured  in  an  oil 
immersion  medium. 

Exposure  to  high-vacuum  causes  changes  in  loss 
properties  in  those  materials  that  arc  subject  to 
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moisture  absorption.  The  removal  of  moisture 
and  other  volatile  products  results  in  improved 
electrical  properties.  The  largest  changes  occur 
during  the  early  stages  of  evacuation,  and  the 
magnitude  of  the  changes  depend  on  the  specimen 
temperature  and  the  previous  environmental 
history  of  the  specimen. 

6.  X-ray  irradiation  causes  induced  d-c  conduction, 
polarization  and  absorption  currents  which  may 
decay  very  slowly  after  the  radiation  is  removed. 

The  recovery  characteristics  depend  upon  the  period 
of  electrification  used  in  making  the  measurements. 

7.  Low-frequency  loss  properties  of  the  TFE  polymers 
are  drastically  affected  by  x-ray  irradiation.  The 
increases  in  dielectric  constant  and  tan6  depend  upon 
ambient  oxygen  concentration  during  exposure  and 
recovery.  Induced  losses  were  measured  after  35 
days  recovery  in  air.  The  induced  losses  decrease 
with  increasing  frequency  above  60  cps  and  the 

60  cps  dissipation  factor  decreases  with  increasing 
voltage;  these  two  effects  indicate  the  presence  of 
a  large  loss -mechanism  whose  motion  is  hindered. 

The  a-c  loss  properties  of  PF  were  unaffected  by  x-ray 
irradiation  although  this  material  hiis  the  same  basic 
structure  as  the  TFE  polymers. 

8.  The  effects  of  x-ray  irradiation  on  the  loss  properties 
of  tiie  other  materials  of  the  program  were  much 
smaller  than  those  exhibited  by  TFE.  Results  on 
each  material  are  discussed  in  Section  III,  D,  Z. 

9.  Instantaneous  and  short-time  effects  of  ultraviolet 
radiation  on  a-c  loss  properties  are  not  large 
enough  to  be  of  practical  importance. 


-58- 


10.  Photoelectric  effects  dominate  d-c  behavior  in  the 
presence  of  ultraviolet  radiation.  Shielding  of 
hardware  would  be  required  wherever  high  insulation 
resistance  must  be  maintained. 
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V.  Recommendations 

The  investigation  of  the  effects  of  space  environment  on  the 
electrical  properties  of  insulating  materials  will  be  continued  under 
Contract  DA-36-039-SC-89147.  Emphasis  will  be  placed  on  studying 
the  phenomena  associated  with  environmental  effects,  rather  than 
further  accumulation  of  exposure  data  on  additional  materials.  Special 
consideration  will  be  given  to  the  detection  of  small,  but  significant, 
changes  in  properties  which  can  be  applied  to  predictions  of  component 
and  material  reliability  under  extended  service  conditions.  In  this 
regard,  long-time  exposure  will  also  be  conducted  as  time  and  facilities 
allow. 

Refinements  in  techniques  and  apparatus  will  be  made  to  provide 

for : 

1.  More  effective  trapping  of  molecules  which  escape 
from  specimen  surfaces. 

Z.  The  introduction  of  temperature  as  a  test  parameter. 

3.  The  determination  of  weight  loss  during  exposure. 

New  cells  and  accessories  will  be  designed  and  constructed  for 

use  with  a  40-liter  Vac-Ion  pump.  This  equipment  will  provide  a 

-  8  -9 

limited  amount  of  data  at  pressures  in  the  10  to  10  Torr  range, 
but  will  be  used  primarily  in  obtaining  information  required  in  plan¬ 
ning  future  experimental  work. 
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Table  1.  Solar  Spectral  Ir radiance  Data*. 


Wavelength  Region 
(Angstroms) 

Below  2200 
2200-3800 
3800-7000 
7000-10,  000 
10,000-20,  000 
20, 000-70,  000 


Intensity  ^ 
(milliwatts /'cm  ) 

0.  03 
10.  2 
59.  5 
29.  5 
32.  2 
7.  4 


*  -  Computed  from  Reference  4. 
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Table  2.  Comparative  Ultraviolet  Intensities  (mw/cm^) 
At  30-cm  Distance  From  Lamp. 


Filtered 


Wavelength  Band 
(Angstroms) 

Bare 

B-H6 

Filtered 

B-H6* 

B-H6  and 

Coated  Electrode* 

Solar 

Below  2262 

0 

0 

0 

0.  04 

2262-2800 

3.  31 

1.  21 

0.  68 

0.  67 

2800-3165 

7.  62 

3.61 

2.  39 

2.05 

3165-3800 

10.  84 

5.  31 

4.  13 

7.  41 

Total  U.  V. 

21.  77 

10.  13 

7.  20 

10.  17 

*  -  Intensity  at 

specimen  surface 
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Table  3.  Output  Intensity  of  AEG- 50  X-ray  Tube 
(rnw/crn^)  at  220-mm  Distance. 


Anode  Current 
(ma) 

Peak  Voltage 
50-KV 

Peak  Voltage 
40- KV 

Peak  Voltag< 
30 -KV 

50.  0 

1.  10 

0.  76 

0.  30 

25. 0 

0.  49 

12.  5 

0.  24 

6.  25 

0.  13 
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Table  4.  Output  Intensity  of  AEG- 50  X-ray  Tube 
(mw/ cm2)  at  155-mm  Distance. 


Anode  Current 
(ma) 

Peak  Voltage 
50-KV 

Peak  Voltage 
40 -KV 

Peak  Voltage 
30-KV 

50.0 

1.60 

0.  63 

25.  0 

0.  80 

0.  25 

12.  5 

0.  40 
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Table  5.  Flashover  Voltages;  17  mil  Gap,  Evaporated  Silver 
Electrodes,  10-6  Torr  Pressure  Range. 


D-C 

60-cps 

2-Mc 

18-Mc 

Material 

(KV) 

(KV  peak) 

(KV  peak) 

(KV  peak) 

K-4 

7.  0-1.4 

2.  7-6. 0 

2. 1-2.  5 

<1.4* 

K-5 

4.  0-16 

2.  7-4.  5 

2.  2-3.  1 

<1.4* 

K-5(S) 

17-24 

4  BK  30 

7. 0-17 

<1.  4* 

4  BK  30(S) 

10.  25 

2.  7-14 

1.5-4.  C 

FEP-100 

4.  5-13 

2.  5-6. 5 

2.  5-3.  0 

1.  1-2.  0 

FEP-IOO(S) 

13-20 

TFE-6 

6. 5-13 

3.  2-4.  5 

2.2-3.  0 

1.4-2.  0 

TFE-7 

5. 5-20 

2.  1-5.  6 

1.7-2.  7 

1.1-2.  1 

GPG 

5.0-8.  0 

4. 0-1 1 

1.8-3.  8 

<0.  7 

AL-243 

7. 5-26 

4.  0-12 

2.  1-3.  4 

1. 4-1. 5 

Alox 

2. 0-9.0 

4.  0-6.  7 

1.7-2.  4 

2. 1-2. 8 

Glass  Slides 

10-29 

4.  5-15 

(S)  -  Smooth 

i  surface, 

see  page  19. 

*  -  Test  terminated  because  of  excessive  heating 
of  material  in  the  gap. 
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Table  6.  FF-95  Flashover  Strength;  fcO-cps  Exposure  Data. 


Pressure 

Torr 

Radiation 

rms-KV 

60  none  3. 6-3. 7 

0-5  none  2. 5-6. 0 

0-5  UV  2.  8-7.  2 

0-5  x-ray  4. 6-7.  2 
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Table  7. 


FF-95C  FlaBhover  Strength;  60-cps  Exposure  Data. 


Pressure 


Torr 

Radiation 

rms-KV* 

760 

none 

17 

10"5 

none 

16-18 

10-5 

UV 

13-16 

o 

1 

un 

x-ray 

8-15 

*  -  Actual  failure  voltages.  Visible 

glow  occurs  at  lower  voltages.  See 
text . 


Table  8.  Initial  Values  of  60-cps  Electric  Strength  In  High- 


Vacuum,  No  Irradiation;  (rms  KV/mil). 


Material 

Thickness 

(mils) 

No.  of  Tests 

Average 

Max. 

Min. 

PE 

12 

11 

2.  2 

2.  5 

1.7 

PS 

8 

31 

3.  5 

5. 1 

1.9 

PF 

12 

31 

1.5 

2.  2 

0.9 

TFE-6 

12 

5 

1.6 

1.8 

1.3 

TFE-7 

12 

7 

2.4 

2.  5 

1.7 

FEP-100 

12 

1 

2.  2 
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Table  9. 


Thermal  Failure  Stress  at  Radio-Frequencies; 
Recessed  Electrodes  In  High  Vacuum,  No 
Irradiation;  (rms  KV/mil). 


Material 

Thickne  ss 
(mils) 

2-Mc 

i  8-Mc 

PE 

12 

0.  2 

0.  1 

PS 

8 

0.  4 

0.  1 

PF 

12 

0.  4 

0.  1 
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Table  10,  Initial  Values;  Dielectric  Constant. 


Material 

60-cps 

100-cps 

1  -kc 

10-kc 

1 00-kc 

2-Mc 

18-Mc 

100-Mc 

PSC 

2.  57 

2.  57 

2.  57 

2.  57 

2.  57 

4  BK  30 

2.  56 

2.  52 

2.  50 

2.  47 

2.  45 

2.  44 

2.  43 

TFE-6 

2.  08 

2.  08 

2.  08 

2.  07 

2.06 

2.  05 

2.  04 

2.  03 

TFE-7 

2.09 

2.  08 

2.05 

2.  04 

2.  03 

2.  02 

2.  01 

2.  00 

F  EP- 100 

2.11 

2.  11 

2. 11 

2.  11 

2. 11 

2.  10 

2.  09 

2.  08 

K-4 

2.  73 

2.65 

2.  54 

2.  50 

2.  48 

2.  47 

2.  45 

K-5 

2.  67 

2.  57 

2.  45 

2.  44 

2.  43 

2.  41 

2.  37 

K-7 

2.  79 

2.68 

2.  55 

2.  46 

Mylar  C 

3.  11 

3. 10 

3.09 

Mylar  T 

3.  38 

3.  34 

3.33 

FF -95 

5.  05 

4.98 

4.91 

4.  80 

4.  25 

4.  22 

4.  20 

FF-95C 

5.  05 

4.  98 

4.  91 

4.  80 

4.  25 

4.  22 

4.  20 

GPG 

4.  27 

4. 18 

4.  16 

4.  13 

3.91 

3.  89 

3.  87 

ECF 

1.  10 

1.  10 

1.09 

1.06 

AL-243 

6.  74 

6.  69 

6.  64 

6.  64 

6.  57 

6.  47 

6 .  44 

AL-665 

6.  00 

5.  99 

5.  98 

Alox 

10.  38 

10.  31 

10.  16 

10.  15 

9.  33 

9.  10 

8.  85 

BeO 

7.  07 

6.  57 

6.  48 
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Table  11.  Initial  Values;  Dissipation  Factor. 


Material 

60-cps 

100-cps 

1-kc 

1 0-kc 

1 00-kc 

2-Mc 

18-Mc 

100-Mc 

PSC 

.  0002 

.  0002 

.  0002 

.  0003 

.  0003 

4  BK  30 

L 

L 

L 

.  006 

.  001 

.  005 

.  005 

TFE-6 

.  0003 

.  0003 

.  0003 

.  0003 

.  0003 

L 

L 

L 

TFE-7 

.  0002 

.  0002 

.  0002 

.  0003 

.  0003 

L 

L 

L 

FEP-100 

.  0003 

.  0003 

.  0003 

.  0002 

.  0002 

K-4 

.  008 

.  025 

.  028 

.  018 

.  012 

.  007 

.  006 

K-5 

.  Oil 

.  024 

.  027 

.  014 

.  002 

.  003 

.  003 

K-7 

.  018 

.  026 

.  025 

.  017 

Mylar  C 

.  004 

.  005 

.  0002 

Mylar  T 

.  003 

.  005 

.  0002 

FF-95 

.  004 

.  009 

.  016 

.  038 

.  018 

.  015 

.  004 

FF-95C 

.  003 

.  009 

.  016 

.  038 

.  018 

.  017 

.  004 

GPG 

.  003 

.  006 

.  010 

.  023 

.  014 

.  013 

.  010 

ECF 

L 

L 

L 

L 

AL-243 

.  002 

.  002 

.  002 

L 

L 

.  015 

.  020 

AL-665 

.  0002 

.  0008 

.  0005 

Alox 

.  001 

.  003 

.  004 

.  005 

.  004 

.  008 

.  009 

BeO 

.  053 

.  033 

.  006 

L  -  Less  than  0.  001 
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Table  12.  TFE-6  and  TFE-7  Dissipation  Factor; 
Vacuum  X-Ray  Exposure  Data. 


TFE- 

■  6 

TFE-7 

Dose 

(Mrads) 

60-cps 

1-kc 

60-cps 

1-kc 

0 

L 

L 

L 

L 

0.06 

.  002 

L 

L 

L 

0.  16 

.  024 

.  003 

L 

L 

0.  71 

.  144 

.  017 

.  120 

.  014 

0.  84 

.  160 

.  020 

.  147 

.  016 

0.  94 

.  170 

.023 

.  169 

.  017 

1. 49 

.  239 

.  036 

.143 

.  018 

1.  72 

.  291 

.  040 

.  141 

.  018 

2.  27 

.  377 

.  047 

.  129 

.  016 

2.  40 

.  390 

.  048 

.  124 

.  015 

3.  11 

.  408 

.  048 

.  095 

.  011 

3.  24 

.  404 

.  047 

.  092 

.  010 

4.  02 

.  334 

.  040 

.  085 

.  008 

5.  38 

.  226 

.  026 

.  031 

.  006 

5.  51 

.  216 

.  025 

.  027 

.  005 

5.  61 

.  208 

.  024 

.  025 

.  005 

6.  16 

.  168 

.  019 

.  019 

.  003 

6.  28 

.158 

.  018 

.  019 

.  003 

6.  38 

.  152 

.  017 

.  019 

.  003 

6.  90 

.116 

.  015 

.  019 

.  003 

7.  07 

.  109 

.  014 

.019 

.  003 

7.  16 

.  105 

.  014 

.  019 

.  003 

7.  72 

.  081 

.  011 

.  019 

.  003 

Recovery 

Time 

(Hours) 

2 

.  063 

.  010 

.  016 

.  002 

6 

.  049 

.  009 

.  009 

.  002 

24 

,  015 

.  003 

.  007 

L 

96 

.  001 

L 

.  001 

L 

L  -  Less  than  .  001 
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Table  13.  TFE-6  and  TFE-7  Dielectric  Constant; 
Vacuum  X-Ray  Exposure  Data. 


Doae 

TFE- 

1 

TFE. 

-7 

(Mrads) 

60-cps 

1  -kc 

60-cpe 

1-kc 

0 

2.  08 

2.  08 

2.09 

2.  05 

0.  06 

2.  08 

2.  08 

2.09 

2.05 

0.  16 

2.  08 

2.  08 

2. 11 

2.  05 

0.  71 

2.  12 

2.  08 

2.15 

2.05 

0.  84 

2.  14 

2.08 

2.15 

2.  05 

0,  94 

2. 14 

2.  10 

2. 15 

2.  05 

1. 49 

2.  23 

2.  12 

2. 15 

2.  05 

1.  72 

2.  25 

2. 12 

2.  15 

2.  05 

2.  27 

2.  31 

2.12 

2. 13 

2.05 

2.  40 

2.  31 

2. 12 

2.  13 

2.05 

3.  11 

2.  33 

2.  12 

2. 13 

2.  05 

3.  24 

2.  33 

2. 12 

2. 13 

2.  05 

4.  02 

2.  29 

2. 12 

2.  13 

2.  05 

5.  38 

2.  23 

2.10 

2.  13 

2.  05 

5.  51 

2.  23 

2.  10 

2.  13 

2.  05 

5.  61 

2.  23 

2.  10 

2.  13 

2.  05 

6. 16 

2.  20 

2.  08 

2.  13 

2.05 

6.  28 

2.  18 

2.  08 

2.  13 

2.05 

6.  38 

2.  18 

2. 08 

2.  13 

2.  05 

6.  90 

2.  16 

2.  08 

2.  13 

2.  05 

7.  07 

2.  16 

2.  08 

2.  13 

2.  05 

7.  16 

2.  16 

2.  08 

2.  13 

2.05 

7.  72 

Recovery 
Time 
(Hour  s) 

2.  12 

2.  08 

2.  13 

2.  05 

2 

2.  12 

2.  08 

2.  13 

2.  05 

6 

2.  12 

2.  08 

2.  11 

2.  05 

24 

2.  08 

2.  08 

2.09 

2.  05 

96 

2.  08 

2.  08 

2.  09 

2.05 
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Table  14.  TFE-6  and  TFE-7  Volume  Resistivity  (ohm-cm); 
Vacuum  X-Ray  Exposure  Data. 


TFE-6  TFE-7 

Dose 

(Mrads)  Sample  1  Sample  2  Sample  1  Sample  2 


0 

0.  06 
0. 16 
0.  71 
0.  84 
0.94 
1.  49 

1.  72 

2.  27 

2.  40 

3.  11 
3.24 

4.  02 

5.  38 
5.  51 

5.  61 

6.  16 
6.  28 

6.  38 

6.  90 

7.  07 
7.  16 
7.  72 


6.  9x10 
1.  1x10 
3.  1x10 
1 . 8x10 
7. 7x10 
6.  9x10 
3. 5x10 
3. 5x10 
3. 5x10 
2. 3x10 
1.2x10 
6 , 9x10 
6.  9x10 


17 

17 

16 

16 

15 

15 

16 
16 
16 
16 
17 
17 
17 
15 


3.  9x10,  , 
5.  2x10:;’ 
1. 7x10, ? 
1.  8x10^ 
1. 6x10, , 
1. 5x10?° 
9. 2x107? 
6. 9x107  ? 
3.1xl016 


A  , , 
3.  9x1 0 

6.  3x10,  c 

3.  9x10 

4.  9x1  oj  c 
7.7x10^ 

7.  7xl0?I 

8.  6x10?° 

7.  7x10,  ? 

8.  lxio}^ 
8.  6x10, ° 
8.  1x10,  r 
8.  1x10?° 
2.  8x10,  ? 

5.1x10^ 

3.7x10** 

5.  5x107° 
1. 2x107  ? 
4. 9x107  ° 
1.  9x10?° 
4. 2x10, n 
2. 6x107? 
4.  lxlO15 


17 

1.  4x10,/ 
9.  8x10?° 
1.2xl0j' 
9.  2x10,? 
1. 9xl0j° 

3.  6x10,  ? 

1.  6x10, ? 
1. 5x107? 
2. 2x1 0,  ? 

2.  5x10,  ? 
1. 8x10, ? 
1. 8x10,? 
1.7x10** 
2. 1x10*? 
6.  6x1 0, , 

4.  lxl 0* ? 
2. 5x10, ? 
2.  0x10,? 
1. 5x10, ? 

1.  8x10,? 
1 . 6x10, ? 

2.  8x10 


A  ,/ 

2.  0x10,  ? 
1.  1x10, 1 
1.  1x107 
1.  1x10,  ' 
1. 2x10?  ' 

1.  5x10,  ' 
1.6x107' 
1 . 6x10, , 

2.  8x10,? 
5. 0x107? 
6.  0x10, , 

4.  6x10, ° 
2.  8x10?/ 
8.  1x10*!? 
1. 3x10,  ' 

5.  2x10,  ? 
2.  8x10, ? 
4.  6x10, _ 

4.  6x10 

A 
A 

5.  8x10 


16 


Recovery 

Time 

(Hours) 


2 

1 5 

3.  1x10?  7 

4.  9x1077 
4.1x10** 
3. 6x10, ? 
6. 3x10, ? 
2.2x10*° 
4.  0x10 

1 5 

4.  1x10?  ? 

4.  1x10,  ? 
1.6x10*° 

3.  6xio?;J 

8.  6x10, * 

6.  3x10, ° 

3.  5x10 

16 

2. 0x10,? 

1. 5xloJ? 
2. 0x107? 
4. 8x10?° 
3.  5x10?? 
2.  5x10, ? 
9.  2x10 

2.  9x10 

6 

A 

24 

2. 7x10 

96 

2. 6x10 

168 

2. 5x10 

360 

2. 8x10 

1170 

5.  8x10 

A  -  Greater 

than  1x10*  ® 

ohm-cm 

16 

16 

16 

14 

14 

15 


Note:  Samples  removed  from  vacuum  chamber  after  96  hours 
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Table  15.  FEP-1Q0  D-C  Volume  and  Surface  Resistivity; 
Vacuum  X-Ray  Exposure  Data. 


Volume  Resistivity  Surface  Resistivity 


Dose 

(ohm 

-cm) 

(ohms  per  square) 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

0-  06 

0.  16 

0.  75 

0.94 

1.  55 

1. 72 

2.  30 

A 

A 

A  17 

1.  lxio}/ 

6.  0x10 . , 

1. 8xl0j^ 
2. 4xio;° 

6.  6x10 .  j- 
7. 7x10:^ 
4.  8x10 

A 

A 

A  Ak 

8. 1x10}° 

3. 5xlo}? 

1. oxio:^ 
i. ixio;^ 

6.  6x10.  j- 
5. 1x107  ? 

5. 5x10 

B 

B 

B 

B 

B 

3.  4x10}° 
3.9xlo}? 

2.  2x10.}° 
2.  1x107  I 
7.2xl015 

B 

B 

B  17 
2. 9x10} ' 

5. 8x10}° 

2. 2xlo}? 

1. 9xlo}^ 

3.9x10};} 

3.  9x1  o}^ 

2.  lxlO14 

2.  49 

3.  08 

Recovery 

Time 

(Hours) 

3 

3.  6xlo}? 
1.  8x10}!} 
1. 2x10 

15 

8.  1x10} ? 

1. 1x107? 
l.lxlO15 

5.  8xl016 

15 

l. 4xio}: 
5. 3x1 o}^ 
2. 9x10 

5 

B  17 
1.  9x10 

72 

1 6 

A  -  Greater  than  1x10  ohm-cm 
B  -  Greater  than  5x10^  ohms  per  square 
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Table  16. 

K-4  and  K 

-5  Dissipation  Factor; 

Vacuum  X 

-Ray  Exposure 

Data. 

Dose 

K- 

4 

K 

(Mrads) 

6  0  -  c  p  n 

1-kc 

60-cps 

0 

.  008 

.  025 

.  Oil 

0.  34 

.  008 

.  026 

.  010 

0.  56 

.  005 

.  028 

.  007 

2.  46 

.  005 

.  029 

.  007 

4.  92 

.  005 

.029 

.  007 

5.  37 

.  005 

.  029 

.  007 

7.  60 

.  005 

.029 

.  007 

8.  06 

.  005 

.029 

.  007 

10.  3 

.  005 

.  028 

.  006 

21. 0 

.  005 

.028 

.  004 

Recovery 

Time 

(Hours) 


24 

1920 


.  005 
.  001 


.  026 
.  029 


.  004 
.  001 


Note:  Samples  removed  from  vacuum  chamber 
72  hours 


1-kc 


.  024 
.  025 
.  028 
.  029 
.  028 
.  028 
.  028 
.  028 
.  028 
.  028 


.  027 
.  028 


after 
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Table  17,  K-4  and  K-5  D-C  Volume  Reeistivity  (ohm-cm); 

Vacuum  X-ray  Exposure  Data. 


Dose 

K- 

4 

K- 

5 

(Mraas) 

Sample  1 

Sample  2 

Sample  1 

Sample 

0 

A 

A 

A 

A 

0.  56 

5.7xloJ7 
i.  9xio;7 
1. 9x10*/ 
4.  8x10*? 
3.  8x10 

A  16 

3.  9x10?” 
1.9x10,' 
2.1xl016 

1 7 

2.  9x10 

2.  3x1 0 

4.  92 

A  17 

1 . 6x10, 

2.  9x10 

2.  3x10 

7.  60 

8.  8x10 

10.  3 

5.  7x10 

21. 0 

A 

A 

2. 3x10 

Recovery 

Time 

(Hours) 


24 

312 

672 

1920 


1 . 5x10 j  7  1.9xloJJ 
2.  3xl0}.l  2 . 0x1 0^ ? 
1.6x10-7  3.6x10./ 
2.3x10  8.8x10 


A  16 
1.  3x10,” 

7. 6x10* “ 
1. 4x10 


5. 7x10 

1.  0x10 
1 . 6x1 0 

2.  9x10 


17 

17 

17 

17 


1 8 

A  -  Greater  than  1x10  ohm-cm 

Note:  Samples  removed  from  vacuum  chamber  after  72  hours 
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Table  18.  K-4  and  K-5  D-C  Surface  Resistivity  (ohms  per  square); 


Vacuum 

X-Ray  Exposure  Data. 

K- 

-4 

K- 

5 

Dose 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

0.  56 

B  15 
3.  0x10” 

3.  6x10 .  [. 

3.  4x107? 

3.  6x107? 

5.4xl015 

4. 5xloJ^ 
4.2x10 \l 
4.  2x10?? 
4.  2x107? 
6. 0x1 01 5 

B  w 

4.  9x10?? 
4.  5x1 07? 
4.  2x107? 
4.  2x107? 
5.4x10 

B  15 

1. 3x10?^ 

1 .  4x10.  j. 

1. 7x10?  ? 

1. 8x107  ? 

2. 9x10 

4.  92 

7.  60 

10.  3 

21.  0 

Recovery 

Time 

(Hours) 

24 

4.  9xloJ^ 
5. 4x107? 
6. 0x107.? 
1. 4x10 

i  5 

6 .  4x1 0, , 

1. lxioj? 

1. 1x107 ' 
1.2x10 

6.  Oxiojl? 
1. 4x107 ' 
5.  4x10 

15 

2. 4x10*:? 

1.  Ixl0?l 
2.7xl017 

312 

672 

1920 

B 

B 

B  -  Greater 

than  5x10^ 7 

ohms  per 

square 

Note:  Samples  removed  from  vacuum  chamber  after  72  hours 
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Table  19.  K-7 

Dissipati 

on  Factor ; 

Vacuum  X-Ray  Exp 

osure  Data 

Expo a ure 

Time 

(Hours) 

100-cps 

1-kc 

10-kc 

100-kc 

Dose 

(Mrads) 

Initial 

.  0180 

.  0264 

.  0251 

.  0168 

Pump -Down 

.  0189 

.  0264 

.  0251 

.  0166 

0 

6 

.  0190 

.  0266 

.  0262 

.  0168 

0.  52 

24 

.  0191 

.  0267 

.  0250 

.  0175 

2.  08 

47 

.  0186 

.  0266 

.  0249 

.  0175 

4.  08 

90 

.  0186 

.  0266 

.0249 

.  0175 

7.  81 

161 

.  0186 

.  0266 

.  0253 

.  0175 

13.  95 

183 

.  0183 

.  0266 

.  0255 

.  0180 

15.  88 

207 

.  0180 

.  0266 

.  0251 

.  0179 

17.  95 

229 

.  0189 

.  0266 

.  0245 

.  0179 

19.  85 

251 

.  0189 

.  0266 

.  0238 

.  0180 

21.  7 

321 

.  0187 

.  0264 

.  0248 

.  0178 

27.  8 

Recovery 
Time  -  Days 

1 

.  0191 

.  0263 

.  0234 

.  0170 

2 

.  0199 

.  0262 

.  0234 

.  0170 

3 

.  0196 

.  0262 

.  0235 

.  0173 

4 

.0178 

.  0263 

.  0235 

.  0170 

14 

.  0183 

.  0261 

.  0246 

.  0169 
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Table  20.  K-7  Dielectric  Constant;  Vacuum  X-Ray  Exposure  Data. 


Exposure 

Time 

(Hours) 

100-cps 

i-kc 

Initial 

2.794 

2.  682 

Pump -Down 

2.  742 

2.  642 

6 

2.776 

2.  668 

24 

2.  763 

2.660 

47 

2.  763 

2.  660 

90 

2.  763 

2.  660 

161 

2.  763 

2.  660 

183 

2.  763 

2.660 

207 

2.  750 

2.658 

229 

2.  750 

2.650 

251 

2.  750 

2.  640 

321 

2.  746 

2.  640 

Recovery 

Time  -  Days 

1 

2.  746 

2.  640 

2 

2.  746 

2.  640 

3 

2.  746 

2.640 

4 

2.  746 

2.  640 

14 

2.  746 

2.  635 

Dose 


1 0-kc 

100-kc 

(Mrads) 

2.  554 

2.  464 

2.  542 

2.  455 

0 

2.  568 

2.  470 

0.  52 

2.  555 

2.  470 

2.08 

2.  555 

2.  470 

4.  08 

2.  555 

2.  464 

7.  81 

2.  555 

2.  464 

13.95 

2.  555 

2.  464 

15.  85 

2.  555 

2.  464 

17.  95 

2.  555 

2.  464 

19.  85 

2.  550 

2.  464 

21.  7 

2.  550 

2.  464 

27.  8 

2.  550 

2.  464 

2.  550 

2.  464 

2.  550 

2.  464 

2.  550 

2.  464 

2.  542 

2.  464 
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Table  21.  K-7  D-C  Volume  and  Surface  Resistivity; 

Vacuum  X-Ray  Exposure  Data. 

Volume  Resistivity  Surface  Resistivity 

Dose  (ohm~cm)  (ohms  per  square) 

(Mr ads)  Sample  1  Sample  2  Sample  1  Sample  2 

0  4.  lxlO18  2 . 1  xl 0 1 8  7.3xl017  9.  lxlO17 

2.08  5.  OxlO16  7.3xl016  2.  8xl017  4.  6xl017 

4.08  4.  9xl016  6.  lxlO16  3.  6xl017  B 

7.81  3.  7xl016  5.  4x1 01 6  3.  3x1 01 7  B 

13.95  2.  9xl016  3.  9xl016  l.lxlO17  3.  6xl017 

15.85  2.  5xl016  3.  3xl016  1.6xl017  3.6xl018 

17.95  2. 4x1 01 6  2.  4x1 01 6  1.  8xl017  B 

19.85  1.9xl016  2.3xl016  2.4xl017  1.  8xl018 

21.7  1.9xl016  2.4xl016  3.  3xl017  B 

27.8  1.  lxlO16  1.5xl016  1.  3x1 017  1.8xl018 


Recovery 

Time 

(Days) 


1 

4.  lxlO16 

4.  9x1 01 6 

17 

1.1x10 

1.  8x1 01 8 

2 

5.  8x1 01 6 

6.  9xl016 

1  7 

1 . 6x10 

3.  6x1 01 8 

3 

9.  2xl016 

9. 3xl0lw 

17 

2.  3x10 

A  O 

1 . 8x1 0 

4 

9. 2xl016 

9.  5x1 01 6 

9.9xi016 

4.  6x1 01 ' 

14 

17 

3.  7x10 

17 

2.  7x10 

17 

1.  5x10 

17 

5.2x10  ' 

1 8 

B  -  Greater  than  3.  6x10  ohms  per  square 
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Table  22.  Alathon  4  BK  30  D-C  Volume  and  Surface  Resistivity; 
Vacuum  X-Ray  Exposure  Data. 


Dos  e 

Volume  Resistivity 
(ohm-cm) 

Surface  Resistivity 
(ohms  per  square) 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

A 

A 

B 

B 

0.06 

A  17 

2.  0x10}  L 

1.  5xlo}  L 

2.  3x10}  ' 
4.  6x10  , 
9. 2x10!® 

1 . 5x10* ' 

A 

2.  3x1 0}! 

6.  9xlo}® 

6.  9xloj2 
i .  7xi 0} L 

2. 6x10  , 

5. lxio;® 

2. 6x10 

B 

B 

0.  41 

B  17 
2.9x10;}' 

5.  Oxio}' 

5. 0xl0}' 

5.  0x10 

B  if, 
8.  3x10}° 

2.  9xl0}l 
5.  0x10 

0.  53 

0.  83 

0.93 

1.  27 

9.  7xlo}^ 

2.  9x10 

1.37 

B 

1.  71 

A 

B 

Recovery 

Time 

(Hours) 

5 

A 

A 

17 

5.  0x10 

B 

72 

A 

A 

B 

B 

1 8 

A  -  Greater  than  1x10  ohm-cm 

17 

B  -  Greater  than  5x10  ohms  per  square 


-91- 


Table  23.  PSC  Volume  and  Surface  Resistivity; 
Vacuum  X-Ray  Exposure  Data. 


Dose 

Volume  Resistivity 
(ohm-cm) 

Surface  Resistivity 
(ohms  per  square) 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

A 

2. lxlO18 

3. 6xl017 

17 

1.  3x10 

0.  34 

\  7 

3.  6x10 

1  7 

3. 6x10 

3.6xl016 

1 7 

1. 3x10  ' 

0.  67 

A  7 

3.  9x10 

A  7 

4. 3x10 

5. OxlO1^ 

1 7 

2.  3x10 

1.28 

17 

3.  9x10 

17 

4. 8x10 

5. 5xl016 

17 

3. 0x10 

2.  26 

17 

3.  9x10 

2. 5xl016 

4. 4x1 O1^ 

17 

1.  8x10 

2.  57 

4.  3xl017 

4. 8xl017 

6. OxlO1^ 

17 

2.  8x10 

2.91 

4.  3xl018 

17 

4. 8x10 

6. 3xl016 

2.  8x1 01 7 

3.  23 

3.  6xl017 

17 

3. 9x10* 

5.9xl016 

2.  8x1 01 7 

3.  53 

17 

5.  4x10 

5.  4x1 01 7 

6.  5x1 01 6 

1 7 

2.  4x10 

4.  51 

17 

4. 3x10 

17 

4.  3x10 

8.  3xl016 

1 7 

3.  6x10 

Recovery 
Time  -  Days 

1 

6.  lxlO18 

17 

7.2x10 

9.  9xl016 

17 

3.  0x10 

2 

17 

4.  3x10 

7. 2xl017 

6.  3xl016 

17 

1.  9x10 

3 

1.  4x1 01 8 

1.  4xl018 

1  7 

1.  1x10 

17 

3.  6x10* 

4 

4.  3x1 01  7 

1.  7x1 01 7 

3.  6x1 O1^ 

8.  3xl016 

14 

6. lxlO17 

6. 2xl017 

4.4xl016 

17 

1.  3x10 

1 8 

A  -  Greater  than  4.  3x10  ohm-cm 
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Table  24. 

Mylar  130-100-C  and  Mylar  130- 

100-  T 

Dissipation  Facto 

Vacuum  X-Ray  Expi 

osurc  Data. 

Exposure 

Time 

Mylar  130-100-C 

Mylar  130 

-100-T 

Dose 

(Hours) 

oO-cps  1-kc 

60-cps 

1  -kc 

(Mrads ) 

Initial 

.  0040  .  0045 

.  0035 

.  0056 

Pump- Down  .0023  .0045 

.  002  3 

.  0058 

0 

24 

.0022  .0044 

.  0028 

.  0055 

0. 43 

32 

. 0022  .  0044 

.  0028 

.  0055 

0.57 

77 

. 0022  .  0044 

.  002  8 

.  0055 

1.  37 

149 

.0022  .0043 

.  0028 

.  0055 

2.  65 

168 

.0022  .0043 

.  0028 

.  0056 

2.  98 

193 

. 0022  .  0045 

.  0028 

.  0057 

3.  42 

212 

» 0022  .0043 

.  0028 

.  0056 

3.  75 

231 

.0022  .0043 

.  0028 

.  0055 

4.  08 

300 

. 0022  .  0042 

.  0028 

.  0054 

5.  31 

Recovery 

Time 

(Days) 

1 

. 0022  .  0042 

.  0028 

.  0054 

2 

.0022  .0044 

.  0028 

.  0058 

3 

.0022  .  0048 

.  0028 

.  0063 

4 

. 0028  .  0049 

.  0029 

.  0064 

7 

.0040  .0049 

.  0029 

.  0062 

8 

.0040  .0048 

.  0029 

.  0060 

9 

.0040  .0048 

.  0029 

.  0060 

Note:  samples  removed  from  vacuum  chamber  after  3  days 
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Table  25.  Mylar  130-100-C  and  Mylar  130-100-T  Dielectric  Constant; 
Vacuum  X-Ray  Exposure  Data. 


Exposure 

Time 

Mylar  130 

-100-C 

Mylar  130' 

-100-T 

Dose 

(Hours) 

60-cps 

1-kc 

oO-cps 

1-kc 

(Mrad8) 

Initial 

3.  115 

3.  072 

3.  360 

3.  296 

Pump-Down 

3.  070 

3.050 

3.  325 

3.  282 

0 

24 

3.  070 

3.  050 

3.  340 

3.  284 

0.  43 

32 

3.  070 

3.  050 

3.  340 

3.  284 

0.  57 

77 

3.  070 

3.  050 

3.  340 

3.284 

1.  37 

149 

3.  070 

3.050 

3.  332 

3.284 

2.  65 

168 

3.  070 

3.  050 

3.  328 

3.  284 

2.  98 

193 

3.  070 

3.050 

3.  324 

3.  282 

3.  42 

212 

3.  070 

3.  050 

3. 324 

3.  280 

3.  75 

231 

3.  070 

3.050 

3. 326 

3.  280 

4.  08 

300 

3.  070 

3.  050 

3.  328 

3.  280 

5.  31 

Recovery 

Time 

(Days) 

1 

3.  066 

3.  048 

3.  326 

3.  282 

2 

3.  066 

3.  046 

3.  324 

3.  280 

3 

3.  066 

3.  046 

3.  322 

3.  278 

4 

3.  125 

3.  100 

3.  392 

3.  356 

7 

3.  104 

3.  090 

3.  366 

3.  324 

8 

3.  104 

3.  090 

3.  360 

3.  316 

9 

3.  104 

3.  090 

3.  360 

3.  312 

Note:  Samples  removed  from  vacuum  chamber  after  3  days 
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Table  26.  Mylar  130-100-C  and  Mylar  130-100-T 
D-C  Volume  Resistivity  (ohm- cm); 
Vacuum  X-ray  Exposure  Data. 


Dose 

Mylar  130-100-C 

Mylar  130-100-T 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

3.  9x1 01 9 

5.  4xl0*9 

19 

2. 7x10  7 

3. 6xl0*9 

0.  43 

A  O 

6. 4x10 

5.  5x10*  8 

4. 3x10* 8 

3. 6x10*  8 

0.  57 

6. 7xl018 

6.  4x10* 8 

3. 6xl0*9 

5.  lxlO*8 

1. 37 

6. 1x10*  8 

5.  3x10*  8 

3. 4x10* 8 

3. 6x10*  8 

2.65 

5. 8x10*  8 

5.  1x10*  8 

^  „  m18 
3. 4x10 

3. 4x10*  8 

3.  42 

6. 4x10*  8 

5  Sxl 0*  8 

3. 4x10*  8 

9x10*  8 

3.75 

5.  3x10* 8 

5.  1  xl 0 *  8 

3.  0x10*  8 

1  8 

3.  0x10  C 

4.08 

1. 7xl0*9 

1.  7xl0*9 

3.  0x10*  8 

3. 0x10*  8 

5.  31 

5. 8x10*  8 

5. 3x10*  8 

3. 3x10*  8 

3. 6x10*  8 

Recovery 

Time 

(Days) 

1 

19 

1. 3x10  7 

9. 8x10* 8 

1. 5x10* 8 

6 .  4x1 0*  8 

2 

1.  8xl0*9 

1. lxlO*9 

1. 3x10*  8 

*  a 

9.  8x10 

3 

1.  8xl0*9 

1. 7xl0*9 

1. lxlO*9 

19 

1. 3x10  7 

4 

3. 9x10*  8 

3. 9x10*  8 

3.  0x10*  8 

3. 2x10*  8 

7 

7.  lxl 0*  8 

5.  3x10* 8 

4.  4x10*  8 

4. 6x10*  8 

8 

1.  5xl0*9 

7.  3x10* 8 

A  O 

4.  8x10 

4. 7x10* 8 

9 

19 

2.  0x10  7 

9.  5x1 0*  8 

5.  3x10*  8 

5. lxlO*8 

Note:  Samples  removed  from  vacuum  chamber  after  3  days 
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Table  27.  Mylar  130-100-C  and  Mylar  130-100-T 

D-C  Surface  Resistivity  (ohms  per  square); 
Vacuum  X-Ray  Exposure  Data. 


Dose 

Mylar  130-100-C 

Mylar  130-100-T 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

B 

\  7 

2. 6x10 

9. lxl 01 ' 

B 

0.  43 

B 

1. 9xl016 

9.  lxl 01 7 

B 

0.  57 

B 

2. lxl 01 6 

B 

B 

1.  37 

9. OxlO17 

1. 8xl016 

B 

B 

2.  65 

4. 5xl016 

1.  5x1 01 6 

1  7 

1.  2x1 01 ‘ 

B 

3.  42 

3. OxlO16 

1. 5xl016 

1.  OxlO17 

B 

3.  75 

8.  6xl016 

1.  3xl016 

2. 6xl017 

B 

4.  08 

1. 2x1 01 7 

1.  OxlO16 

4.  OxlO16 

7. OxlO17 

5.  31 

9. OxlO17 

2.  OxlO16 

3.9xl016 

B 

Recovery 

Time 

(Days) 

1 

B 

5.  OxlO16 

r> 

XJ 

B 

2 

B 

1  7 

2.  6x10 

B 

B 

3 

B 

9.  OxlO17 

B 

R 

4 

B 

B 

B 

B 

7 

3.  6x1 016 

B 

B 

B 

8 

9.  OxlO17 

B 

B 

B 

9 

B 

B 

B 

B 

B  -  Greater  than  i.  8x10  ohms  per  square 

Note:  Sample  removed  from  vacuum  chamber  after  3  days 
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rP-K1n  7  ft 

A  U  WAW  L  Ot 

GPG  Loss  Propertie 

s;  Vacuum  X- 

ray  Exposure  Data. 

Exposure 

tan6 

tan6 

D-C  Volume 

D-C  Surface 

Time 

Resistivity 

Resistivity 

(Hours) 

60-cps 

1  -kc 

(ohm-cm) 

(ohms  per  square) 

0 

.  003 

.  006 

A 

B 

2 

.  010 

.  Oil 

7 

.  Oil 

.  Oil 

24 

.  013 

.  Oil 

31 

.  014 

.011 

15 

3.  OxiO 

15 

1.  3x10 

68 

.019 

.  010 

72 

.019 

.  010 

15 

3. 7x1 O13 

15 

8.  lxlO13 

91 

.  019 

.  009 

97 

.  019 

.009 

15 

3.  7x1  o' 3 

14 

7.  4x1 01 ^ 

116 

.  019 

.009 

120 

.  019 

.009 

15 

9.  9x10 

1  5 

1. 6x10  3 

139 

.  018 

.  009 

Recovery 
Time 
(Hour  s) 

24 

.  015 

.  009 

15 

3.  lxlOt3 
i.  7xio;3 

1.  9x1 0^ 3 
1.6xl015 

15 

2. 4x10* 3 

6. 8x10'* 

1. lxio!3 

9.  8xl014 

120 

.  010 

.007 

168 

960 

1 8 

A  -  Greater  than  1x10  ohm-cm 
B  -  Greater  than  5x10*^  ohms  per  square 

Note:  Samples  removed  from  vacuum  chamber  after  48  hours 
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Table  29.  AL-243  D-C  Volume  and  Surface  Resistivity; 

Vacuum  X-Ray  Exposure  Data. 


Volume  Resistivity  Surface  Resistivity 


Dose 

(ohm 

-cm) 

(ohms  pe 

r  square) 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

A 

A 

B 

B 

0.  28 

A  17 
3.  6x10 

A 

B  17 
1.9x10 

B 

0.69 

A 

B 

3.  19 

4.  03 

A  17 
4.  6x10 

A  17 

6. 9x10 

B  \k 
9.6xloJ; 

1.9x10? ' 
1.9xl0j' 
1.9x10*' 
1.9x10!' 
1.9x10 

B  17 
1.9xl0!' 

1. 9x10!' 

1 . 9x107 ' 

1.  9x1 07 ' 

1. 9xio:' 

1.  9x1 01 

6.65 

A 

A 

7.  35 

A 

A 

9.  85 

1.  0x10*  8 

A  17 

10.  7 

6.  9x10 

13.  2 

A 

A 

Recovery 

Time 

(Hours) 

3  A  A  1.9xloj^  1. 9x10*7 

5  A  A  2.9x10*'  1.  9x10*' 

72  A  A  1.9x10  1.9x10 


1 8 

A  -  Greater  than  1x10  ohm-cm 
B  -  Greater  than  5x10*^  ohms  per  square 
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Table  30.  ALOX  D-C  Volume  and  Surface  Resistivity; 
Vacuum  X-Ray  Exposure  Data. 


Volume  Resistivity  Surface  Resistivity 


Dose 

(ohm 

-cm) 

(ohms  pe 

r  square) 

(Mrads) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

0 

5.  98 

8.  02 

9.  2xlo}£ 

3.  3x107 ? 

4.  2x10 7  ~ 
3.  5x10 w 
6.  9xl010 

6 . 9x10 }Z 

4.  6x10. _ 

4. 6x10 . 
6.9x107' 

4. 6x10 

4. 2x1 0 j c 
3. 4x107? 
2.  3x107  c 
2. 3x10  7  c 
3.0xl015 

a  / 

3.  Oxio}? 
1.  0x10  7  7* 

3.4xloJ° 

2.2x10^ 

3.9xl016 

10.  2 

12.  3 

Recovery 

Time 

(Hours) 


24 

120 

168 

960 


1.7x10^ 
2.  6x10 7  ? 
3. 2x107^ 
1. 8x10 


2.0x10 
6 . 6x1 0 
1. 2x10 
1 . 1x10 


17 

15 

16 
16 


3.9x10^  2.9xloj£ 
3.  9x1 0 1 7*  9.  OxlOj ^ 
1.2x10™  1.4x10;}' 
4.5x10  1.5x10 


Note:  Samples  removed  from  vacuum  chamber  after  24  hours 
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Table  31.  Steatite  AL-665  Dielectric  Constant  and  Dissipation  Factor; 
Vacuum  X-Ray  Exposure  Data. 


Exposure 

Time 

60- 

cps 

1  -kc 

Dose 

(Hours) 

t ' 

tan6 

€  ' 

tan6 

(Mrads) 

Initial 

5.  99 

.  0002 

5.  98 

.  0011 

Pump-  Down 

6.  00 

.  0002 

5.  98 

.  0009 

0 

4 

6.  00 

.0002 

5.  98 

.  0009 

0.  37 

21 

6.  00 

.  0002 

5.98 

.  0009 

1.96 

41 

6.  01 

.  0002 

5.  98 

.  0008 

3.  83 

61 

6.  01 

.  0003 

5.  98 

.  0007 

5.69 

81 

6.  01 

.  0003 

5.  98 

.  0006 

7.  56 

150 

6.  00 

.  0004 

5.  98 

.  0006 

14.  0 

172 

6.  00 

.  0004 

5.  99 

.  0007 

16.  0 

193 

6.  00 

.  0004 

5.  99 

.  0008 

18.0 

212 

6.  00 

.  0004 

5.  99 

.  0009 

19.  8 

234 

6.  00 

.  0004 

5.  99 

.  0009 

21.8 

303 

6.00 

.  0004 

5.  98 

.  0009 

28.  3 

Recovery 

Time 

(Days) 

1 

6. 00 

<.  0002 

5.  98 

.  0009 

2 

6.  00 

<.  0002 

5.  98 

.  0009 

3 

6.  00 

<.  0002 

5.  98 

.  0009 

4 

5.  99 

<.  0002 

5.  98 

.  0009 

7 

5.99 

.  0006 

5.  98 

.  0009 

8 

6.  00 

.  0006 

5.99 

.  0008 

9 

6.  00 

.  0006 

5.  99 

.  0008 

10 

6.  00 

.  0006 

5.  99 

.  0007 

11 

6.  00 

.  0006 

5.  99 

.  0007 

15 

6.  00 

.  0003 

5.99 

.  0004 

16 

6.  00 

.  0003 

5.99 

.  0003 

18 

6.  01 

.  0002 

5.  99 

.  0002 

21 

6.  01 

<.  0002 

5.99 

<.  0002 

23 

6.01 

<.  0002 

5.  99 

<.  0002 

25 

6.  01 

<.  0002 

5.  99 

<.  0002 

Note:  Samples  removed  from  vacuum  chamber  after  7  days 
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Table  32.  Steatite  AL-665  D-C  Volume  and  Surface  ReaiBtivity; 
Vacuum  X-Ray  Exposure  Data. 


Dose 

(Mrads) 


Volume  Resistivity 
(ohm-cm) 

Sample  1  Sample  2 


Surface  Resistivity 
(ohms  per  square) 
Sample  1  Sample  2 


Initial 

0 

1.96 
3.  83 
5.69 
7.  56 
14.  0 
16.  0 
18.  0 
19.  8 
21.  8 
28.  3 


1 7 

4.  3x10*  ' 
6.  1x10 . _ 
i. 4xi o: 
2.ixio;; 
3. 3x1 0*  ' 

5.  3x1 oj  q 
1. 4x10!° 
3. 6x10*  ' 
4.  3x1 07  L 
3.  9x107  ' 
3.  3x10} ' 
2. 9x10 


A 

A 

1.  1x10 

1 .  0x10 
8.  1x10 

7.  7x10 

2.  7x10 
5.  4x10 

8.  0x10 
8.  0x10 
6. 4x10 
6. 0x10 


17 

17 

16 

16 

17 

16 

16 

16 

16 

16 


1.  5x10 
1.  8x10 
B 
B 

5.  2x10 
9.  1x10 
4.  5x10 

4.  5x10 
1.  8x10 

5.  2x10 
9.  1x10 
5.  2x10 


18 

18 


17 

17 

17 

17 

18 
17 
17 
17 


1.  8x10 

B 

2.  1x10 
9.  6x10 
7. 7x10 
2.  6x10 

6.  1x10 

7.  3x10 
1.  0x10 

7.  6x10 

8.  7x10 
6.  5x10 


18 


17 

16 

16 

17 

16 

16 

17 

16 

16 

16 


Recovery 

Time 

(Days) 


1 

2 

3 

4 

7 

8 
9 

10 

11 

15 

16 
18 
21 
23 
25 


3.  6x10 

2.  7x10 

3.  3x10 
3.  1x10 

3.  9x10 
1. 9x10 
1. 9x10 
2. 5x10 
2 . 7x10 
2. 7x10 
3. 6x10 
1.9x10 
2. 5x10 
4. 3x10 

4.  3x10 


17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 


2. 4x10 
3.  3x10 
2.  2x1 0 
2.  2x10 
A 

1. 2x10 
1 .  7x1 0 
1.  8x10 
2. 5x10 

1.  8x10 
2. 4x10 

2.  1x10 
1. 8x10 

3.  3x10 
3.  6x10 


17 

17 

18 
18 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 


3.  0x10 

4.  5x10 

5.  3x10 
2.  8x10 

5.  2x10 
9.  1x10 

1.  6x10 

2.  8x10 
4.  0x10 

2.  8x10 

3.  6x10 
1.  0x10 
8.  3x10 

4.  5x10 

6.  1x10 


17 

17 

17 

17 

17 

16 

17 

17 

17 

17 

17 

17 

16 

17 

17 


1.  4x1 Q1 7 


B 

B 

B 

B 

1.  0x10 
7.  6x10 

1.  0x10 

2.  3x10 
4.  9x10 

2.  3x10 
2. 4x10 
1.  2x10 

3.  6x10 
6.  0x10 


16 

16 

17 

17 

16 

17 

17 

15 
17 

16 


A  -  Greater  than  4.  3xl0^g  ohm-cm 
B  -  Greater  than  3.  6x10  ohms  per  square 

Note:  Samples  removed  from  vacuum  chamber  after  7  days 
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Table  33. 

BeO  Dissipation  Factor; 

Vacuum  X 

-Ray  Exposure 

Data. 

Exposure 

Time 

60- 

cps 

i- 

kc 

Dose 

(Hours) 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

(Mrads) 

Initial 

,  0020 

.098 

.  0010 

.  042 

Pump- Down 

.  0010 

.  0040 

.  0007 

.  0056 

0 

4 

.  0010 

.  0040 

.  0006 

.  0056 

0.  08 

21 

.  0009 

.0038 

.  0006 

.  0054 

0.  41 

41 

.  0007 

.  0030 

.  0006 

.  0046 

0.  82 

61 

.  0006 

.  0029 

.  0006 

.  0044 

1.21 

81 

.  0005 

.  0028 

.  0006 

.  0040 

1.  61 

150 

.  0005 

.  0023 

.  0006 

.  0037 

2.99 

172 

.  0004 

.  0022 

.  0006 

.  0035 

3.  42 

193 

.  0004 

.  0020 

.  0006 

.  0032 

3.  84 

212 

.  0004 

.  0019 

.  0006 

.  0032 

4.  22 

234 

.  0004 

.  0018 

.  0006 

.  0030 

4.  66 

303 

.  0004 

.  0013 

.  0006 

.  0030 

6.  03 

Recovery 

Time 

(Days) 

1 

.  0004 

.0013 

.  0006 

.  0030 

2 

.  0004 

.  0013 

.  0006 

.  0030 

3 

.  0004 

.  0013 

.  0006 

.  0030 

4 

.  0004 

.  0012 

.  0006 

.  0030 

7 

.  0004 

.  0012 

.  0006 

.  0030 

8 

.  0003 

.  115 

.  0008 

.  060 

9 

.  0003 

.142 

.  0008 

.  074 

10 

.  0002 

.  154 

.  0008 

.  073 

11 

.  0002 

.169 

.  0008 

.  065 

15 

.  0002 

.  159 

.  0008 

.  069 

16 

.  0002 

.  161 

.  0008 

.  068 

18 

.  0002 

.  173 

.  0008 

.  077 

21 

.  0002 

.  199 

.  0007 

.  077 

23 

.  0002 

.  125 

.  0005 

.  060 

25 

.  0002 

.  109 

.  0005 

.  049 

Note:  Samples  removed  from  vacuum  chamber  after  7  days 
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Table  34. 

BeO  Dielectric  Constant; 

;  Vacuum 

X-Ray  Exp< 

asure  Data. 

Exposure 

Time 

60- 

cps 

1 

-kc 

Dose 

(Hours) 

Sample  ~l 

Sample  2 

Sample  1 

Sample  2 

(Mrads) 

Initial 

6.  50 

7.  71 

6.  48 

6.  71 

Pump- Down 

6.  48 

6.  54 

6.  47 

6.  47 

0 

4 

6.  48 

6.  52 

6.  47 

6.  47 

0.08 

21 

6.  48 

6.  51 

6.  47 

6.  47 

0. 41 

41 

6.  48 

6.  48 

6.  46 

6.46 

0. 82 

61 

6.  48 

6.  48 

6.  46 

6.  46 

1.21 

81 

6.  48 

6.  48 

6.  46 

6.  46 

1.61 

150 

6.  48 

6.  48 

6.  46 

6.  46 

2.99 

172 

6.  48 

6.  48 

6.  46 

6.  46 

3.  42 

193 

6.  48 

6.  48 

6.  46 

6.  46 

3.84 

212 

6.  47 

6.  47 

6.  45 

6.  45 

4.22 

234 

6.  47 

6.  47 

6.  45 

6.  45 

4.  66 

303 

6.  47 

6.  47 

6.  45 

6.  45 

6.  03 

Recovery 

Time 

(Days) 

1 

6.  47 

6.  47 

6.45 

6.  45 

2 

6.  47 

6.  47 

6.  45 

6.  45 

3 

6.  47 

6.  47 

6.  45 

6.  45 

4 

6.  47 

6.  47 

6.  45 

6.  45 

7 

6.  47 

6.  47 

6.  45 

6.  45 

8 

6.  48 

7.  91 

6.  47 

6.  49 

Q 

/ 

6.  48 

7.  95 

6.  47 

7.  00 

10 

6.  48 

7.  82 

6.  47 

7.  00 

11 

6.  48 

7.  03 

6.  47 

6.  92 

15 

6.  48 

7.  43 

6.  47 

7.  00 

16 

6.  48 

7.  36 

6.47 

6.  97 

18 

6.  48 

7.  53 

6.47 

7.  07 

21 

6.  48 

7.  36 

6.47 

7.  08 

23 

6.  48 

7.  87 

6.  47 

6.  88 

25 

6.  48 

7.  77 

6.  48 

6.  78 

Note:  Samples  removed  from  vacuum  chamber  after  7  days 
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Table  35.  BeO  D-C  Volume  and  Surface  Resistivity; 
Vacuum  X-Ray  Exposure  Data. 


Dose 

(Mrads) 


Volume  Resistivity 
(ohm-  cm) 

Sample  1  Sample  2 


Surface  Resistivity 
(ohms  per  square) 
Sample  1  Sample  2 


Initial 

0 

0.41 
0.  82 
1.  21 
1.  61 
2.99 
3.  42 

3.  84 

4.  22 
4.  66 
6.  03 


1.  2x10 
1 . 9x10 
4.  7x10 

4.  8x10 

5.  4x10 
5. 4x10 
5.  0x10 
4.  7x10 
4.  9x10 
4.  4x10 
4. 3x10 
4.  4x10 


17 
17 
17 
16 
16 
16 
16 
16 
16 
1 6 
16 
16 


1. 1x10 
3.  4x10 
1.  0x10 
1.2x10 
1.  0x10 
1.  3x10 
1. 5x10 
1. 4x10 
1. 5x10 
1. 5x10 
1. 3x10 
1. 5x10 


15 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 


1.  8xloJ® 
1.  8xioJr 
1.  7xl0;^ 

1.  8x1 07 1 
3.  3x1 07  L 

3.  6x1 0  _ 

4.  0x107^ 
3.3xl0j' 
1.2x10  ° 

2.  8x107.: 

3.  6x1 07  - 
2. 3x10 


4.  5xl016 
B 

B  17 
9.1x10}; 

2. 6x10, _ 

1. 0xl0}l 

2. 6xl07_ 

1.  2x10" 

2. 3x107 ' 

i. 2xio;“ 

9. ixio}: 

9. lxio 


Recovery 

Time 

(Days) 


1 

2 

3 

4 

7 

8 

9 

10 

11 

15 

16 
18 
21 
23 
25 


4.  3xlo}£  1.6x10 
5.1x10,?  1.6x10 


5.  2x10 


16 

16 


1.5x10 


5.  6x10,  ,  1 . 5x1 0 

6.1x10,7  2.0x10 


3.  9x10 


16 

16 


8. 8x10 


3.  3x10,  7  7.6x10 


3.  5x10 


16 

16 


8.  2x10 


4.2x10""  2.1x10 
3.  5x107  7  5.9x10 


4.  2x10 
3.  5x10 
3.  5x10 

5.  1x10 


16 

16 

16 

16 

16 


1 . 4x10 
3. 1x10 
2. 4x10 
4. 4x10 


16 

16 

16 

16 

16 

12 

12 

12 

13 

12 

13 

12 

12 


5.2x10  1.6x10 


13 

14 


17  17 

3.6xl0}i  5.2x107 

5.2x1077  1.8x10 

1.2x10  B 

B  B 

B  ,  B  ,  - 

9. 8x107?  1. 1x107? 

1. 4x107?  1. 4x107^ 

6.3x107?  6.3x107; 

1.1x1077  5.2x1077 

2.4x1071  2.  0x107? 

1.2x10};  3.6x107^ 

l.Oxloj;  9.  1x107? 

l.OxlO};  3.8x107? 

2.4x107;  4.2x107; 

3.3x10  5.3x10 


1  8 

B  -  Greater  than  3.  6x10  ohms  per  square 

Note:  Samples  removed  from  vacuum  chamber  after  7  days 


-104- 


Table  36.  ECF  D-C  Volume  and  Surface  Resistivity; 
Vacuum  X-Ray  Exposure  Data. 


Exposure 

Time 

(Hours) 


0 

3 

22 
A  . 

£-7 

46 

51 

70 

75 

94 


Volume  Resistivity 
(ohm-cm) 

Sample  1  Sample  2 


Surface  Resistivity 
(ohms  per  Bquare) 
Sample  1  Sample  2 


1.  2x10 
4.  6x10 
A 

2. 8x10 
1.  4x10 

1.  2x10 

2.  3x10 
1. 2x10 

A 


16 

16 


17 

17 

17 

17 

17 


4.  5x10 
1.  7x10 
3.  7x10 

9.  2x10 

5. 8x10 
9.  8x10 

3.  9x10 

4.  2x10 
6.  9x10 


16 

17 

16 

16 

16 

16 

16 

16 

16 


3.  2x10 
3.  8x10 

7.  0x10 

8.  2x10 

1.  3x10 
1. 7x10 
3.  1x10 

2.  6x10 

3.  6x10 


15 

15 

15 

15 

16 
16 
16 
16 
16 


5. 

5. 
3. 
2. 
2. 
2. 
1. 
9. 

6. 


7x1 0 
7x10 
4x10 
5x10 

8x10 
6x1 0 
9x10 
7x10 
8x10 


16 

16 

16 

16 

16 

16 

16 

15 

15 


Recovery 

Time 

(Hours) 


5 

72 


17 

3.  5x10 
A 


3.  5x10 
6. 0x10 


17 

16 


17  17 

2.9x10}'  1.  2x1 07  j 

5.0x10  1.7x10 


A  -  Greater  than  1x10  ohm-cm 
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Table  37.  GPG  60~cps  Dielectric  Constant  and  Dissipation  Factor; 
Ultraviolet  Exposure  In  High  Vacuum. 


Exposure 

Metallic 

Electrode 

Transparent  H.  V.  Electrode 

Time 

(Hours) 

K 

Tan6 

K 

Tan6 

0 

4.  67 

.  027 

4.  67 

.  027 

0.  25 

4.77 

.  028 

4.  70 

.  027 

0.  50 

4.  80 

.  029 

4.  71 

.  028 

0.  75 

4.  80 

.  029 

4.  72 

.  027 

1.0 

4.  81 

.  030 

4.  72 

.  027 

1.  5 

4.  83 

.  030 

4.  75 

.  029 

2.  0 

4.  82 

.  036 

4.  76 

.  028 

3.  0 

4.  81 

.  037 

4.  77 

.  030 

4.  0 

4.  80 

.  030 

4.  79 

.  027 

6.0 

4.  77 

.  030 

4.  76 

.  029  , 

Recovery 

Time 

(Hours) 


0.  3 

4.  64 

.  023 

4.  74 

.  025 

0.  75 

4.  64 

.  020 

4.  71 

.  025 

1.0 

4.  64 

.  019 

4.  71 

.  025 

1.  5 

4.  64 

.  019 

4.  69 

.  025 

Note:  At  T  =  0,  specimen  had  reached  equilibrium 
temperature.  Temperature  change  during 
remainder  of  experiment  was  less  than  0.  5°C  . 


-107- 


X.  Illustrations 

Figure  Description  Page 

1  Vacuum  system,  loss  measurement  cell 

and  ultraviolet  source.  Ill 

2  Block  diagram  of  vacuum  pumping  system.  112 

3  Variation  of  pressure  with  geometric  altitude.  113 

4  Interior  of  loss  measurement  cell  with 

specimens  in  place.  114 

5  Interior  of  high-voltage  cell  with  flashover 

specimens  in  place.  115 

6  High-voltage  feed-through  bushing.  116 

7  B-H6  ultraviolet  lamp  enclosure.  117 

8  Comparison  of  B-H6  output  intensity  to 

solar  radiation.  118 

9  Vacuum  system,  loss  measurement  cell 

and  x-ray  tube.  119 

10  Calorimeter  for  measurement  of  x-ray 

intensity.  120 

11  Vacuum  sparkover  electrode  holder  with 

coated-lens  electrodes.  121 

12  D-c  uniform-field  sparkover  voltages  in 
high-vacuum  (10-6  Torr  range)  for  5  mil 

gap.  122 

13  Effect  of  electrode  roughness  on  high-vacuum 

uniform-field  sparkover.  Evaporated  silver 
electrodes,  5  mil  gap.  123 

14  Flashover  specimen  and  mask  for  depositing 

evaporated  metal  electrodes.  124 

15  Vacuum  flashover  voltages  for  17  mil  gap 
on  glass  slides  with  evaporated  silver 
electrodes. 


125 
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X.  Illustrations  (continued) 


Figure 

Description 

Pag, 

16 

Effect  of  specimen  surfeice  texture  on 
high-vacuum  flashover  voltage. 

126 

17 

Printed  wiring  board  flashover  specimen. 

127 

18 

Geometrical  construction  of  printed  wiring 
board  flashover  electrode. 

128 

19 

Thin  film  electric  strength  specimen  with 
polystyrene  fillet. 

129 

20 

Summary  of  60  cps  breakdown  tests  on  1  mil 
Mylar  using  composite  specimen  of  Figure  19. 

130 

21 

Summary  of  60  cps  breakdown  tests  on  0.  5  mil 
Mylar  130-100A  using  composite  specimen  of 
Figure  19. 

131 

22 

Electric  strength  specimen  with  recessed 
electrode  in  machined  cavity. 

132 

23 

Effect  of  x-ray  irradiation  in  vacuum  on  the 

60  cps  electric  strength  of  PE. 

133 

24 

Effect  of  x-ray  irradiation  in  vacuum  on  the 

60  cps  electric  strength  of  TFE-6. 

134 

25 

Effect  of  x-ray  irradiation  in  vacuum  on  the 

60  cps  electric  strength  of  TFE-7. 

135 

26 

Effect  of  x-ray  irradiation  in  vacuum  on  the 

60  cps  electric  strength  of  FEP-100. 

136 

27 

Effect  of  x-ray  irradiation  in  vacuum  on  the 
dissipation  factor  of  TFE-6  and  TFE-7. 

137 

28 

Effect  of  x-ray  irradiation  in  vacuum  on  the 
dielectric  constant  of  TFE-6  and  TFE-7. 

138 

29 

Effect  of  x-ray  irradiation  in  air  on  the 

dissipation  factor  of  TFE-6  and  TFE-7. 


139 
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X,  Illustrations  (continued) 


Figure 

Description 

A  , 

Page 

30 

Effect  of  x-ray  irradiation  in  air  on  the 
dielectric  constant  of  TFE-6  and  TFE-7. 

140 

31 

Effect  of  x-ray  irradiation  on  TFE-6. 

Curve  A  -  irradiated  in  air;  Curve  B  - 
irradiated  in  vacuum;  Curve  C  -  irradiated 
in  vacuum  after  previous  dose  of  8.  5 
megarads,  followed  by  10  months  recovery 
in  air. 

141 

32 

Recovery  characteristics  of  TFE-6  specimens 
after  x-ray  irradiation  as  shown  in  Figure  31. 

142 

33 

Loss-specimen  holder  with  transparent 
high-voltage  electrode. 

143 

34 

Printed  wiring  board  insulation  resistance 

specimen. 


144 


Figure  1.  Vacuum  system,  loss  measurement  cell  and  ultraviolet 
s  our  ce . 


TC  GAGE 


Figure  2.  Block  diagram  of  vacuum  pumping  system. 
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LOG|0  PRESSURE  -  (mm  Hg) 


Figure  3.  Variation  of  pressure  with  geometric  altitude. 


Figure  4.  Interior  of  loss  measurement  cell  with  specimens 
in  place. 


! 
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Interior  of  high-voltage  cell  with  fiashover  specimens 
in  place. 


Figure  5. 


6- 


Figure  6.  Modified  high-voltage  bushing. 


Figure  7.  B-H6  ultraviolet  lamp  enclosure. 


Figure  9.  Vacuum  -system,  loss  measurement  cell  and  x-i'dy  tube. 
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Figure  11.  Vacuum  sparkover  electrode  holder  with  coated-lens 
electrodes. 


i 


SILVER  COATED  ELECTRODES 


BREAKDOWN  VOLTAGE  -  KV 


Figure  12  D-c  uniform  field  breakdown  voltages  for 
5-mil  gap  in  10“^  Torr  range. 


NUMBER  OF  FAILURES 
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SMOOTH  ANODE 


BREAKDOWN  VOLTAGE  -  KV 


Figure  13.  Effect  of  electrode  roughness  on  high  vacuum  breakdown. 
Evaporated  silver  electrodes,  5-mil  gap. 
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Figure  14.  Flashovcr  specimen  and  mask  for  depositing  evaporated 
metal  electrodes. 
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Figure  15,  Vacuum  flashover  voltages  for  17-mil  gap  on 
glass  slides  with  evaporated  silver  electrodes 
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SMOOTH  SURFACE 


ALATHON  4  BK  30 


D-C  FLASHOVER  VOLTAGE  (KV) 


Figure  16.  Effect  of  specimen  surface  texture  on 
high-vacuum  flashover  voltage. 
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Figure  18.  Geometrical  construction  of  printed  wiring  board 
flashover  electrode. 
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POLYSTYRENE 


Figure  19.  Thin  film  electric  strength  specimen  with 
polystyrene  fillet. 


2  3  4  5  6  7  8  9  10  II  12  13  14  15 

60 cps  FAILURE  STRESS  (rms  KV/mil) 
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I  2  3  4  5  6  7  8  9  10  II  12  13 

60 cps  FAILURE  STRESS  (rms  KV/mil) 


Figure  20.  Summary  of  60  cps  breakdown  tests  on  1  mil 
Mylar  using  composite  specimen  of  Figure  19 
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J _ I 

14  15 


No.  of  breokdowns 
In  fillet 


60cps  FAILURE  STRESS  (rms  KV/mil) 


Figure  21.  Summary  of  60  cps  breakdown  tests  on  0.  5  m 
Mylar  130-100A  using  composite  specimen  of 
Figure  19. 
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HIGH -VOLTAGE 
ELECTRODE 


THYRATRON  CIRCUIT 


Figure  22.  Electric  strength  specimen  with  recessed 
electrode  in  machined  cavity. 
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Figure  23.  Effect  of  x-ray  irradiation  in  vacuum  on  the 
60  cps  electric  strength  of  PE. 
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Figure  24.  Effect  of  x-ray  irradiation  in  vacuum  on  the 
60  cps  electric  strength  of  TFE-6. 
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Figure  31.  Effect  of  x-ray  irradiation  on  TFE-6.  Curve  A  - 
irradiated  in  air;  Curve  B  -  irradiated  in  vacuum; 
Curve  C  -  irradiated  in  vacuum  after  previous  dos 
of  8.  5  megarads,  followed  by  10  months  recovery 
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Figure  32,  Recovery  characterise  cs  of  TFE-6  specimens 
after  x-ray  irradiation  as  shown  in  Figure  31. 
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Figure  33.  Loss-specimen  holder  with  transparent  high-voltage 
electrode. 
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